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ABSTRACT 
 

TCAD Analysis and Simulation of T-Gate 
E-Mode GaN HEMT. 

 

GaN-HEMT semiconductor technology has already solidified its position as the dominant 

contender in the realm of high-power and RF applications. In this thesis, performance of GaN 

HEMT device has been studied and various techniques have been proposed to overcome the 

major roadblock of GaN HEMT such as spilling of 2DEG, leakage current, threshold voltage 

(Vth), and parasitic capacitances. 

In this regard, firstly polarization induce doping in the buffer layer (buffer Engineering), 

heavily doped source/drain region, and recessed T-gate (Gate Metal Engineering) are integrated 

simultaneously on a GaN HEMT i.e. T-gate E mode polarization induced doped buffer HEMT 

has been proposed. The polarization-induced doping in the buffer layer bent the conduction 

band upwardly convex, which enhanced the 2DEG confinement, reduced the buffer leakage 

current, and significantly uplifted the breakdown voltage (33 V), which is 5 times higher than 

the conventional InAlN/AlN GaN buffer HEMT (8 V). The recessed gate engineering further 

enhances various performance parameters. It achieves an impressive on/off ratio of 109, reduces 

the subthreshold swing (SS) to 78 mV/dec, and minimizes the drain-induced barrier lowering 

(DIBL) to 100 mV/V. The proposed device exhibits a high current density of 2.8 A/mm, 

transconductance 1.55 S/mm, cutoff frequency fT (583 GHz), and maximum oscillation 

frequency fmax (840 GHz). At room temperature, the carrier density and mobility measured are 

2.8 × 1013 cm-2 and 1250 cm2/Vs. The large Johnson figure of merit (fT. VBR) 19.23 THz and 

(fT. fmax)1/2 699 GHz shows the potential of the proposed device for high-power millimeter-

wave applications. 

Additionally, high-k gate oxide engineering has also been conducted, where a specific region 

of the recessed gate is substituted with a high-k dielectric material. This integration of the high-

k dielectric brings about notable improvements in both interfacial and transport characteristics, 
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while concurrently reducing the gate leakage current. However, the insertion of gate oxide 

alone does not enable E-mode operation. As a result, the superior option for achieving E-mode 

operation is through the utilization of gate-recessed engineering technique.  

After analyzing the performance of T-gate E mode polarization induced doped buffer HEMT, 

the in-depth investigation of the influence exerted by the T-gate shape on both the DC and RF 

performance of the device have been analyzed. The impact of T-shaped gate geometry on 

parasitic capacitance and RF Figure of Merits (FOMs) such as maximum oscillation frequency 

(fmax), gain-bandwidth product (GBP), cut-off frequency (fT), maximum stable and available 

power gain (Gms and Gma), maximum transducer power gain (MSG) and stability factor (k) 

has also been investigated for different gate head length (Hlength), gate stem height (Sheight), and 

gate foot length (Flength). The simulated results confirm that the proper choice of Hlength (280 

nm), Sheight (100 nm), and Flength (10 nm) significantly reduced the parasitic capacitance (Cgs = 

350 fF/mm and Cgd = 140 fF/mm) and enhanced the fmax (840 GHz), GBP (636 GHz), fT (583 

GHz) and also improve the power gains. The simulated results of the proposed device provided 

the detailed knowledge about the impact of T-gate geometry on RF FOMs at such aggressively 

scaled dimensions. 

The noise and scattering parameters are critical in determining the overall performance of a 

device. The noise parameters are important because they determine the amount of noise that is 

present in the signal as it passes through the device. On the contrary, the scattering parameters 

determine the magnitude of power dissipated during the transmission of the signal across the 

device. Thus to account the noise performance T-gate E mode polarization induced doped 

buffer HEMT, the in depth investigation of the small signal and noise behavior of proposed 

device has been studied. The results show that the polarization-induced doping in the buffer 

layer bent the conduction band upwardly convex, which enhanced the 2DEG confinement, 

reduced the buffer leakage current, and significantly enhance the transconductance (1.55 

S/mm). The increment in transconductance leads to a reduction in the reflection coefficient 

(S11, S22) and an improvement in the transmission coefficient (S21) as compared to GaN 

buffer HEMT. Furthermore, noise parameters such as auto/cross-correlation factor, minimum 

noise figure, noise conductance, and optimal noise resistance and reactance were also evaluated 

for the proposed device. Simulated results reveal that the proposed device has a lower noise 

figure and noise conductance than the GaN buffer HEMT by 57% and 20%, respectively. This 

research demonstrates that the T-gate polarization doped buffer (PDB-HEMT) structure is an 

excellent choice for Low Noise Amplifiers (LNA) operating at higher frequencies. 
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Although using the back barrier engineering enhances the RF and noise performance of device. 

However, it also reduces the drain current density. Therefore, it is important to find a balance 

between RF performance and drain current density in device. In this regard, a double channel 

engineering is executed on T-gate HEMT by inserting the AlN layer below the InAlN/GaN 

interface developing a double channel HEMT. Simulation results showed that formation of 

double channel significantly enhance the drain current density of 2.5 A/mm.  However, due to 

a lack of gate controllability over a lower channel, the high leakage current is observed in 

double channel HEMT. This issue has been addressed by using the InGaN as a back barrier, 

which improves the carrier confinement of 2DEG by raising the conduction band for the GaN 

buffer and considerably improves the gate controllability over a lower channel. The 

performance of the proposed device is compared with that of conventional double-channel 

HEMTs. The simulation results showed, the proposed double channel back barrier HEMT (DC-

BB-HEMT) exhibited substantial improvements in analog performance. The intrinsic gain, 

which indicates a higher signal amplification capability, improved by 50%. Similarly, the 

transconductance gain frequency (TGF) increased by an impressive 477%, while the early 

voltage was enhanced by 23%. These numbers suggest that the InGaN back barrier significantly 

contributes to the device's analog performance. Moreover, RF performance of (DC-BB-HEMT) 

also compared with conventional DC-HEMTs. Simulation results showed that both the cut-off 

frequency and maximum oscillation frequency increased by around 11.7% and 10%, 

respectively. Moreover, the study also investigated the device's linearity performance with 

varying back barrier distances. It has been observed that the linearity performance of proposed 

device improved at a back barrier distance of 30 nm. This result implies that careful 

optimization of the back- barrier distance can further enhance the device's linearity 

performance. 
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CHAPTER 1 
 

 INTRODUCTION 
 

 

 

Firstly, this chapter provides a comprehensive background of the research work, with a 

primary focus on the significance of gallium nitride (GaN) in the power electronics industry. 

After then, the chapter moves on to the fundamental theory of GaN HEMT, covering topics like 

its polarization effect and its operating principle. In addition to this, the chapter investigates a 

number of device engineering techniques that have been reported to overcome the problems 

faced by HEMT. The chapter continues with a description of the challenges confronted by the 

GaN HEMT that are found while literature survey. After that, a description of the main 

objective of this thesis is provided, which is then followed by an overview of all the chapters. 
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1.1. Background 

The advancement of semiconductor technology paved the way for the creation of an enormous 

industry and many applications that profoundly altered our way of life. Silicon technology, 

which has been the main workhorse of modern electronics, has dominated the semiconductor 

sector over a decade. Transistors made from silicon have been implemented in many different 

fields. However, silicon-based devices are quickly reaching their theoretical limit of operation, 

and future RF and microwave applications will require even higher levels of performance that 

cannot be achieved with the current technology. As a result, researchers are exploring 

alternative materials and device architectures to overcome these limitations and enable the next 

generation of RF and microwave devices. Group III-V semiconductors such as SiC, GaAs, and 

GaN have all been investigated as possible silicon substitutes. GaAs's high electron mobility 

in the bulk makes it a promising candidate for use in MESFETs operating at high frequencies. 

Nevertheless, its inadequate thermal conductivity renders the material unsuitable for high-

power applications. Because of this, GaAs MESFETs can only be used in low-power devices 

like mobile phones and other portable electronics (Kameche and Rozdovski, 2005). SiC, on the 

other hand, is highly suitable for both high-temperature and high-voltage applications due to 

its distinctive material properties. Due to their excellent resistance to heat and voltage, SiC 

MESFETs find widespread use in demanding industries like aerospace and defence. However, 

SiC devices are unsuitable for high-frequency activities because of their limited electron 

mobility and inability to create a heterojunction. 

Gallium Nitride High Electron Mobility Transistor (GaN-HEMT) semiconductor technology 

has solidified its position as the dominant contender in the realm of high-power and RF 

applications. Optoelectronics (Cai et al., 2018), MEMS (Rais et al., 2017), and electronics 

(Karmalkar and Mishra, 2001) are just a few of the fields that have benefited from the unique 

features of GaN-based materials. Aluminium gallium nitride (AlGaN)/GaN devices have 

become highly regarded as top contenders among solid-state microwave power devices for 

various applications. In comparison to devices based on Si and GaAs, they are better because 

of their capacity to produce enhanced power densities at higher frequencies. GaN contains a 

number of beneficial properties, which together lead to the material's outstanding performance. 

A wide bandgap (3.4 eV), substantial electric breakdown field strengths (3×106 V/cm), and a  
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high saturation electron drift velocity (>2×107 cm/s) are some of these characteristics. The 

HEMTs made from AlGaN/GaN are particularly appealing because of their superior 

performance at high power (Wu et al., 2001), high-frequency (Kumar et al., 2002, Chung et 

al., 2010), and high temperature (Gaska et al., 1997). 

Table 1.1 shows how GaN stacks up against other prominent semiconductors in terms of its 

key intrinsic electronic properties (Trew, 2002, Kemerley et al., 2002). Compared to Si, GaAs, 

and InP, it's clear that GaN offers numerous benefits. Due to its larger band gap (Eg), larger 

critical electrical field (Ec) than Si, GaAs, and InP by as much as a factor of ten. As a result of 

its high electronegativity, GaN HEMTs have a substantially greater breakdown voltage than 

other semiconductor devices, making them ideal for high-voltage and high-power applications. 

GaN transistor-based circuits exhibit remarkable reliability, attributed to their high breakdown 

voltage. These devices can function at very high frequencies with high drain current thanks to 

their exceptional electron mobility, saturation drift velocity and high two-dimensional electron 

gas (2DEG) concentration, which are crucial for high-power RF applications. GaN is a broad 

band-gap semiconductor with a significantly lower intrinsic carrier generation rate than Si, 

GaAs, or InP. This allows GaN-based transistors to function at high voltage while maintaining 

TABLE 1.1 

Characteristics of GaN and rival semiconductor materials. (Trew, 2002, Kemerley et al., 2002) 

Material 4H-SiC GaAs InP GaN Si 

Eg(eV) 3.26 1.4 1.34 3.4 1.1 

κ(W∙cm-1∙K-1) 4.5 0.5 0.68 1.3 1.5 

ni (/cm3) 8.2×10-9 2.1×106 1.3×107 1.9×10-10 1.5×1010 

νsat(107 cm/s) 2.0 2.0 0.9 2.5 1.0 

μn(cm2∙V-1∙s-1) 720 8500 5400 900 1350 

εr 10 12.8 10 9.0 11.8 

Ec(MV/cm) 2.0 0.4 0.5 3.3 0.3 
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a low leakage current. As an added bonus, GaN-based devices can operate in high-temperature 

and high-pressure conditions because of their high thermal conductivity. GaN is the dominating 

technology for high-power applications at high frequency due to its great mobility and strong 

critical field, which permits aggressive scaling of the transistor size.  

Due to their potential for high frequency and high-power electronic devices, the AlN/GaN 

(Smorchkova et al., 2001), AlInN/GaN (Kuzmik, 2001), and AlInN/GaN/GaN (Lim et al., 2010, 

Wang et al., 2013) material systems are the topic of active study. Device performance may be 

enhanced by using these material solutions, which provide both increased carrier densities and 

aggressive downscaling of gate lengths. AlGaN/GaN HEMTs have already found niche 

applications and are anticipated to play an increasingly important role in future electronic 

systems. 

1.2. Theory of GaN HEMT  

1.2.1      Basic Structure 

HEMT is a type of semiconductor device used in high-frequency electronic circuits. It consists 

of two layers of semiconductor materials with different bandgaps, in which the wide bandgap 

                                                                                                                                                                                                   
        

Figure. 1.1 Basic structural cross section of a HEMT (Nirmal and Ajayan, 2019) 
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material is grown over the narrow bandgap material. The structure of a HEMT is illustrated in 

Figure 1.1, showing the cross-section of the device. To create a HEMT, a substrate of 

semiconductor material is first prepared. On the substrate, the buffer layer is then grown, 

followed by the barrier layer. Both layers are usually doped with impurities to create n-type 

conductivity. The doping concentration in the barrier layer is higher than that in the buffer layer, 

which creates a heterojunction. When the barrier layer is brought into contact with the buffer 

layer, electrons from the barrier layer diffuse into the buffer layer to achieve a minimum energy 

configuration. The electron transfer occurs because the two materials have different electron 

affinities, band gaps, and work functions. The electrons accumulate at the interface between the 

 

                     

 

Figure. 1.2 Energy band diagram of heterostructure material (a) before forming the heterojunction (b) bend 

bending after forming the heterojunction (Nirmal and Ajayan, 2019). 
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two layers, forming a 2DEG with high mobility and conductivity. 

The energy band diagram of the HEMT device in its state prior to the formation of the 

heterojunction is shown in Figure 1.2 (a). Figure 1.2 (b) shows the heterojunction interface 

formation when a material with a large band gap is brought into contact with a material with a 

small band gap. Due to band bending, a two-dimensional quantum well with a finite energy 

barrier is formed in the channel area. The electrons that are present in the channel are prevented 

from leaving the quantum well and are forced to remain at their respective energy levels, which 

results in the formation of a 2DEG. The electrons that are contained in the quantum well have 

very high mobility and are often referred to as two-dimensional electron gas. This is the 

distinguishing quality of HEMTs. Whereas the drain and source make ohmic contacts with the 

barrier layer, and the gate makes a schottky contact. 

1.2.2 Piezoelectric and Spontaneous 
Polarization Effect 

In AlGaN/GaN HEMT, 2DEG is not formed in the same way as it is in the more common 

AlGaAs/GaAs semiconductor at the heterojunction. Figure 1.3 (a) depicts the hexagonal or 

wurtzite crystal structure of GaN, in which the bilayers are composed of two closely spaced 

hexagonal layers created by Ga atoms and N atoms, respectively (Qin et al., 2017). A strong 

net polarization field is induced at the AlGaN/GaN heterojunction interface because the 

wurtzite structure in GaN is not symmetrical, unlike other semiconductors like GaAs and InP 

with zincblende crystal structure (Khan et al., 1994). Since this polarization field is formed 

naturally by the GaN material's elemental makeup and crystalline structure, which refer as 

spontaneous polarization. Ga-face and N-face are the two primary classifications of GaN 

material, and they are determined by the direction in which the material grows. As can be 

seen in Figure 1.3 (b) the polarization field directions in the two distinct forms of GaN are 

directly opposed to one another. All of the devices that were examined in this study were 

constructed out of Ga-face GaN material. 

The difference in polarization that exists between GaN and AlN may be attributed to the fact 

that structural factors have a substantial impact on the determination of spontaneous 

polarization (Ambacher et al., 1999). While going from GaN to AlN, the crystal structure 
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becomes increasingly less perfect, which increases spontaneous polarization. The typical  

AlGaN/GaN epitaxial film developed along the [0001] axis has the only spontaneous 

polarization that is taken into consideration along that axis. PSP = PSP.z is the relation that 

describes the spontaneous polarization along the c-axis. 

Lattice mismatched GaN-based heterostructures, including AlGaN and AlN, exhibit an 

intriguing phenomenon known as piezoelectric polarization. This type of polarization is 

engendered by the strain that arises when dissimilar materials with varying lattice constants are 

combined in a heterostructure. 

Notably, the critical thickness of the barrier layer plays a crucial role in determining the 

presence and magnitude of piezoelectric polarization (Ambacher et al., 1999). The critical 

thickness is the maximum thickness at which the barrier layer can be formed without 

introducing any dislocations. The piezoelectric polarization is induced when the thickness of 

the AlGaN or AlN barrier is reduced below its critical value.  

The piezoelectric polarization can be calculated using the values of e33 and e31, which are the 

coefficients of piezoelectricity (Ambacher et al., 1999).  

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝑒𝑒33𝜀𝜀𝑧𝑧 + 𝑒𝑒33�𝜀𝜀𝑥𝑥 + 𝜀𝜀𝑦𝑦�                                                                                                        (1.1) 

                                                                                                                                                                                                          
                                                   

Figure. 1.3 (a) Wurtzite crystal structure of GaN (Kente et al., 2016) (b) Ga-face and N-face GaN crystal 

atomic arrangement (Keller et al., 2014) 
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𝜀𝜀𝑧𝑧 =
𝐶𝐶 − 𝐶𝐶𝑜𝑜
𝐶𝐶𝑜𝑜

                                                                                                                                       (1.2) 

𝜀𝜀𝑥𝑥 = 𝜀𝜀𝑦𝑦 =
𝑎𝑎 − 𝑎𝑎𝑜𝑜
𝑎𝑎𝑜𝑜

                                                                                                                            (1.3) 

The strain along the c-axis is denoted by the 𝜀𝜀𝑧𝑧 , where 𝑎𝑎𝑜𝑜 and 𝐶𝐶𝑜𝑜 are the equilibrium values of 

the lattice parameters. Wurtzite GaN lattice constants are related using the following equation. 

𝐶𝐶 − 𝐶𝐶𝑜𝑜
𝐶𝐶𝑜𝑜

= 2
𝐶𝐶13
𝐶𝐶33

�
𝑎𝑎 − 𝑎𝑎𝑜𝑜
𝑎𝑎𝑜𝑜

�                                                                                                                (1.4)   

The net polarization along the c-axis can be determined by combining equations (1.1) and (1.4) 

𝑃𝑃𝑃𝑃𝑃𝑃 =  2
𝑎𝑎 − 𝑎𝑎𝑜𝑜
𝑎𝑎𝑜𝑜

(𝑒𝑒31 − 𝑒𝑒33)
𝐶𝐶13
𝐶𝐶33

                                                                                                (1.5) 

As can be seen in Figure 1.4(a, b), the spontaneous polarization of Ga-face GaN and AlGaN 

is negative. This is due to the fact that the direction vector points in the direction of the substrate. 
Figure 1.4(a) demonstrates that, when the strain is tensile, the piezoelectric and spontaneous 

polarizations align parallel to each other. On the other hand, in the case of compressive strain, 

these polarizations adopt an anti-parallel orientation. This behavior is demonstrated and 

visually depicted in Figure 1.4(b). 

The polarization induced space charge density is given by: 

𝜌𝜌𝑃𝑃 = ∇.𝑃𝑃                                                                                                                                             (1.6) 

At the abrupt interface polarization sheet charge density (𝜎𝜎) of an AlGaN/GaN or GaN/AlGaN 

heterostructure is (Ambacher et al., 1999): 

𝜎𝜎 = 𝑃𝑃(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) − 𝑃𝑃(𝑏𝑏𝑏𝑏𝑡𝑡)                                                                                                              (1.7) 

Free electrons will try to neutralise the charges caused by polarization if the polarization-

generated sheet charge density is positive (+), and vice versa. At the heterojunction between 

the barrier and the buffer layer, these charges will begin to accumulate which will result in the 

formation of a 2DEG. These two polarization effects increase the device structure's electric 

field, which boosts 2DEG carrier concentration and channel confinement. 
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1.2.3 GaN-HEMT-Operation 

Device operation requires a gate electrode to modulate drain-to-source current by controlling 

the density of 2DEG. Since the heterostructure causes the 2DEG to exist, a negative gate voltage 

is necessary to deplete it beneath the gate and stop the flow of current through the device. 

Therefore, GaN HEMTs that do not have specially engineered gate stacks are normally-on (also 

known as depletion-mode or D-mode) devices. Figure 1.5(a) shows the schematic structure of 

AlGaN/GaN HEMT. The output characteristics of a depletion mode AlGaN/GaN HEMT are 

shown in Figure 1.5(b). Using a common source configuration is by far the most typical method 

of applying the bias to a HEMT. The input is at the gate electrode, the output at the drain 

electrode, and the common terminal at the source. The gate's input signal controls the device's 

state and may turn it on and off. To turn off a depletion mode device, a negative voltage is 

applied to the device, depleting the channel of electrons and creating a very resistive channel 

through which no current may flow, which is called pinch-off. 

The equation that describes the relationship between the amount of applied bias voltage and the 

total number of carriers in the channel is as follows (Ambacher et al., 2000): 

                                                                                                                                                                                                   
        

Figure. 1.4 Directions of spontaneous and piezoelectric polarization in AlGaN/GaN heterostructure (a) 

Tensile strain (b) Compressive strain (Ambacher et al., 1999).   
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𝑛𝑛𝑠𝑠 =
𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑞𝑞(𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + ∆𝑑𝑑) �𝑉𝑉𝑔𝑔𝑠𝑠 − 𝑉𝑉𝑇𝑇𝑇𝑇�                                                                                              (1.8) 

where, ns, dAlGaN, ∆d, Vgs, and VTH are the charge density per unit area of the 2DEG, AlGaN 

barrier layer thickness, distance of the 2DEG from the heterointerfaces, gate bias voltage, and 

threshold voltage. 

Due to the term (Vgs -VTH) in Equation 1.8, ns = 0 for Vgs = VTH, and the device is to be turned 

off. The channel of a HEMT is inherently densely packed with electrons at Vgs = 0 V, and 

applying a drain-to-source voltage will result in current flow between the source and drain. 

The device is said to be operating in the linear regime when the drain voltage is low i.e. Vds < 

Vgs − VTH. Since the current is proportional to the electric field strength, the velocity of the 

electrons in the channel will rise as the field strength increases. At this instant, the current 

flowing between the source and the drain may be expressed as: 

𝐼𝐼𝑑𝑑𝑠𝑠 = 𝑞𝑞𝑛𝑛𝑠𝑠𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑊𝑊𝐴𝐴                                                                                                                             (1.9) 

where Veff and WG are the effective velocity and the gate width. 

The electrons' velocity in the channel is a function of the electrons' mobility and the electric 

field strength as expressed by Equation 1.10. 

                                                                                                                                                                                       
              

Figure. 1.5 (a) AlGaN/GaN HEMT structure (b) Drain characteristics of AlGaN/GaN HEMT for different 

gate bias (Manel et al., 2012) 
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𝑉𝑉 = 𝜇𝜇𝑛𝑛𝐸𝐸                                                                                                                                         (1.10) 

where µn and E are the electron mobility and applied electric field. 

Carrier scattering through defects and dislocations in the semiconductor crystal impact electron 

mobility in the 2DEG of an AlGaN/GaN HEMT (Germain et al., 2003). When Vds < Vgs − VTH, 

the current is demonstrated to grow linearly for low fields by using the result of Equation (1.10), 

which states that electron velocity grows with the applied electric field. Nevertheless, when the 

drain bias is high enough (Vds >Vgs − VTH), the effective electron velocity saturates and stops 

being affected by the bias or the electric field. In the saturated regime, the drain current is given 

by  

𝐼𝐼𝑑𝑑𝑠𝑠 =
𝜀𝜀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑉𝑉𝑠𝑠𝐴𝐴𝑠𝑠𝑊𝑊𝐴𝐴

(𝑑𝑑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + ∆𝑑𝑑) �𝑉𝑉𝑔𝑔𝑠𝑠 − 𝑉𝑉𝑇𝑇𝑇𝑇�                                                                                                 (1.11) 

The above equation shows that the at high drain bias, Ids is independent of Vds. In reality, Ids is 

not absolutely free from Vds influence. Under conditions of high drain bias, high electric fields 

emerge between the drain and gate contacts, potentially leading to the injection of electrons into 

the GaN buffer or captured by electron traps. 

1.2.4 Device Engineering Techniques 

1.2.4.1     Double Heterostructure HEMT with 

Graded Back Barrier 

Double heterostructure HEMT with the graded back barrier is designed to enhance the 

performance of HEMT (Gu et al., 2019). As shown in Figure 1.6, the barrier layer in this design 

is made of InAlN rather than AlGaN because the device's performance is enhanced by the lattice 

matching between the two materials (where the Al content of InAlN is 0.83) (Neuburger et al., 

2004). Between the InAlN barrier layer and the GaN channel layer lies an additional AlN 

interlayer. As AlN has a wider forbidden bandwidth, it may cause more discontinuity in the 

conduction band at the heterojunction interface, which is a major contributor to the dramatic 

rise in 2DEG concentration (Shrestha et al., 2014). Increased device mobility is another benefit 

of the AlN in the In0.17Al0.83N/GaN heterojunction interface (Teke et al., 2009). The leakage of 

2DEG from the channel to the buffer is a problem for single heterostructure HEMTs. The 
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utilization of a back-barrier, creating a double heterojunction structure, is a direct and effective 

approach for enhancing the confinement of the heterojunction 2DEG and minimizing the carrier 

overflow into the buffer layer. Many researchers have looked at the effects of AlGaN back-

barrier layers on HEMTs structures. Carrier confinement is improved to some extent, but an 

undesirable parasitic channel is created at the interface of the AlGaN back-barrier and the GaN 

buffer. Parasitic channel effects may be reduced with the use of a graded AlGaN back-barrier 

in which the Al concentration varies linearly from 0 to 0.1. The findings show that the graded 

AlGaN back-barrier HEMT benefits greatly from the conduction band discontinuity at the 

GaN/AlGaN heterojunction interface, which greatly enhances carrier confinement. In contrast 

to the standard Al0.1Ga0.9N back-barrier HEMT, a gradient Al composition results in full lattice 

relaxation without piezoelectric polarisation, which decreases the concentration of the parasitic 

electron channel's two-dimensional electron gas. Furthermore, a graded AlGaN back barrier 

may provide superior radio-frequency performance, greater transconductance, and higher 

current compared to the standard back-barrier HEMT with a fixed Al content. 

1.2.4.2  Gate Field Plate HEMT  

The use of field plate technology has gained significant attention in the field of electronic 

devices, specifically in high-electron-mobility transistors. Researchers have found that this 

                                                                                                                                                                                                                                        
        

Figure. 1.6 Schematic representation of InAlN/GaN HEMT with graded back barrier (Gu et al., 2019) 
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innovative method offers a practical and efficient approach to enhancing the breakdown voltage 

of HEMTs by reducing the peak value of the electric field along the channel (Karmalkar et al., 

2001). Figure 1.7 illustrates a schematic view of a gate field plate HEMT, demonstrating the 

implementation of this technology (Kumar et al., 2021). 

In a gate field plate HEMT, the gate is deposited onto the passivation layer and extended 

towards the drain side of the device. This extension of gate electrode toward drain side 

significantly minimizes the electric field at the surface of the AlGaN layer and enhances the 

breakdown voltage (Karmalkar et al., 2005). This improvement in breakdown voltage is of 

utmost importance in electronic devices as it not only enhances their power capabilities but also 

elevates their operational speed. 

1.2.4.3 High Gate Multi-Recessed Buffer HEMT  

The high gate multi-recessed buffer HEMT (HGMRB-HEMT) is an innovative design 

introduced (Zhu et al., 2019) to address two crucial aspects of device performance: breakdown 

voltage and RF characteristics. The structure of the HGMRB-HEMT incorporates specific 

features aimed at simultaneously enhancing these key parameters. In the HGMRB-HEMT, the 

barrier region is intentionally positioned lower than the source, drain, and gate electrodes, 

creating a higher gate section. This distinctive arrangement can be observed in Figure 1.8. 

                                                                                                                                                                                                                                        
        

Figure. 1.7 Schematic representation of Gate field plate HEMT (Kumar et al., 2022) 
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Additionally, the buffer layer of the HGMRB-HEMT includes recessed regions on both the left 

and right sides. These recessed regions contribute to the optimization of device performance. 

When a high drain voltage is applied in traditional GaN HEMTs, a significant electric field 

builds up at the edge of the gate. This concentrated electric field can lead to a breakdown near 

the gate position on the drain side. The implementation of the HGMRB-HEMT introduces a 

modified electric field distribution that reduces the peak electric field at the edge of the gate 

electrode. This modification raises the HGMRB-HEMT's breakdown voltage by making it more 

resistant to greater drain voltages. The decrease in gate-to-source capacitance is yet another 

great feature of the HGMRB-HEMT. This reduction is primarily attributed to the presence of 

the high gate in the structure, which facilitates the diffusion of the depletion region mainly in a 

vertical downward direction. This reduces the capacitance between the gate and the source, 

which boosts the functionality of the device. 

The enhancement in breakdown voltage and reduction in gate-to-source capacitance lead to 

enhanced output power density and power-added efficiency (PAE) of HGMRB-HEMT. 

Devices with higher breakdown voltages are capable of withstanding increased power levels 

without experiencing a breakdown, rendering them appropriate for high-power applications. 

The decrease in capacitance between the gate and source enables enhanced signal integrity and 

increased efficacy of power transmission, leading to greater output power density and power-

                                                                                                                                                                                                                                        
        

Figure. 1.8 Schematic representation of high gate multi recessed buffer HEMT (Zhu et al., 2019). 
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added efficiency (PAE). Hence HGMRB-HEMT is an attractive choice for applications that 

require both high power and high efficiency. 

1.2.4.4  Double Channel MOS- HEMT 

Figure 1.9 depicts a recessed gate in a DC-MOS-HEMT device from a two-dimensional 

perspective. When one examines the figure, it is immediately apparent that the DC-MOS-

HEMT is composed of not one but two distinct channel layers. The amount of space that is 

available between the upper and lower channel layers is the primary factor that governs the 

distribution of electrons in each of these channel levels. As a result of the reverse electric field 

that is present in the GaN upper layer compared to the AlN layer, the 2DEG density in the lower 

channel is reduced when there is a big distance between these two channels. In contrast, the 

2DEG density in the upper channel is increased when there is a high distance between these 

two channels. Additionally, the recessed gate design that is used in DC-MOS-HEMT devices 

assists to terminate the top channel and shift the threshold voltage to the positive side of the 

voltage scale. The DC-MOS-HEMT offers a strong subthreshold swing, which refers to the 

efficiency of the device in switching between on and off states. A lower subthreshold swing 

indicates better control over the device's conductive and non-conductive states, enhancing 

overall device performance and power efficiency. 

 

                                                                 

Figure. 1.9 Schematic representation of E mode double channel MOS-HEMT (Wu et al., 2020) 
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1.2.4.5  P-Gate GaN HEMT 

Adding a p-GaN (or p-AlGaN) layer to the AlGaN/GaN heterostructure at the gate contact area 

is the most promising strategy so far. Even in the absence of a bias (Vgs = 0) that is imposed 

from the outside, depletion of the 2DEG channel may still take place due to the p-GaN layer 

lifting the band diagram. Figure 1.10 shows a simplified diagram of the basic operating 

principle of a E-mode HEMT with a p-GaN gate. In an AlGaN/GaN heterostructure, normally-

on operation is achieved by using a conventional schottky contact as the gate electrode. 

However, when a p-GaN cap layer is added to the AlGaN, the AlGaN's conduction band is 

raised, and the 2DEG is depleted. This allows for the possibility of normally-off functioning of 

the device. 

1.2.4.6  Ferroelectric Gate GaN HEMT 

Ferroelectric gate AlGaN/GaN HEMT construction is shown in Figure 1.11. Ferroelectric 

materials have a strong polarization effect, which can control the polarization in 2-D electron 

gases (2DEG) and threshold voltage. E-mode GaN-based HEMTs are possible because 

ferroelectric polarization is opposite to nitride polarization, which is dependent on the growth 

process and applied voltage. The E-mode ferroelectric gate HEMTs with Vth = 1 V had a very 

high field-effect mobility of 1819 cm2/Vs, a low SS of 90 mV/dec, and a significant ION/IOFF of 

1.5×1010 (Zhu et al., 2017). As the 2DEG channel is preserved in ferroelectric gate E-mode 

 

Figure. 1.10 Schematic representation of P-Gate GaN HEMT (Greco et al., 2018) 
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HEMTs, they are excellent candidates for use in high-speed logic circuits. 

 

1.3 Advantages of GaN HEMT 

1. High Power Density: GaN HEMTs offer higher power density compared to traditional 

silicon-based transistors, enabling smaller and more compact power electronic systems. 

2. High Switching Speed: GaN HEMTs have fast switching speeds in the nanosecond 

range, which makes them well-suited for high-speed switching applications such as 

wireless communication systems, radar, and power converters. 

3. High Breakdown Voltage: GaN HEMTs have a wide bandgap, which allows them to 

handle high voltage levels without experiencing a premature breakdown, making them 

suitable for high-voltage applications. 

4. Wide Temperature Range: GaN HEMTs can operate at high temperatures, which makes 

them useful in high-temperature applications such as aerospace, automotive, and 

industrial environments. 

 

 

Figure. 1.11 Schematic representation of ferroelectric gate GaN-HEMT (Zhu et al., 2017) 
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1.4 Challenges Confronted by the GaN HEMT 

Although GaN HEMT devices showcasing outstanding performance in RF and microwave 

power applications, they predominantly operate in depletion mode (d-mode). However, the 

market demand leans towards enhancement mode (E-mode) devices. Consequently, extensive 

research and development have been dedicated to E-mode HEMTs and metal-oxide-

semiconductor field-effect transistors (MIS-HEMTs) in recent years, driven by the increasing 

demand from various applications. The utilization of E-mode devices in RF/microwave circuits 

enables the elimination of negative-polarity power supply, simplifying the circuit and system 

architecture. Additionally, power switches based on E-mode devices offer intrinsic fail-safe 

operation, making them highly desirable for power electronics. Various methods have been 

proposed for realizing E-mode devices, such as thin barrier structures (Endoh et al., 2004), 

fluorine plasma treatment (Su et al., 2014), and p-GaN cap structures (Hu et al., 2000). Each 

approach has its own advantages and disadvantages, leaving room for further improvement. 

One significant challenge encountered with HEMT technology is the undesired spilling of 

2DEG from the GaN channel to the buffer layer, leading to reduced mobility and device 

reliability (Khan et al., 1992). Numerous techniques have been reported to address this issue 

and prevent the overflow of 2DEG into the buffer layer. For instance, the double heterostructure 

HEMT method introduces a back-barrier layer between the channel and the buffer layer (Gu et 

al., 2019). This approach, considered the simplest and most effective way to enhances the 

confinement of the heterojunction 2DEG and prevents excessive carrier flow into the buffer 

layer. Various studies (Chen et al., 2003, Lee et al., 2011, Meng et al., 2012) have explored the 

impact of AlGaN back-barrier layers on HEMTs. To some extent, the carrier confinement is 

improved using this approach, but it also creates a parasitic channel at the junction between the 

AlGaN back barrier and the GaN buffer. Researchers have also adopted another technique 

involving doping the buffer layer with iron (Fe) or carbon (C) acceptors to increase its resistivity 

(Pampili and Parbrook, 2017). However, these dopants generate deep-level acceptors in the 

layer, leading to current collapse (Uren et al., 2012). 

Another significant challenge that GaN HEMT encounters is related to its strain problem, which 

arises due to the lattice mismatch at the interface of GaN/AlGaN. At the interface between the 

barrier-layer and buffer of the AlGaN/GaN HEMT, a polarization discontinuity is formed,  
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resulting from piezo and spontaneous polarization. This polarization discontinuity generates a 

highly mobile sheet charge that serves as the channel charge. The polarization discontinuity of 

standard AlGaN/GaN-HEMTs, which incorporates piezo and random components, is 

proportional to the aluminium concentration in the barrier layer. Either using modulation 

doping or increasing the amount of aluminium in the barrier layer is required in order to achieve 

the desired increase in sheet charge density and subsequent increase in maximum DC-output 

current. However, excessive Al concentration increases strain and degrades the material quality. 

Thus, it is crucial to explore new barrier engineering approaches that can overcome the strain 

issue and enhance the device's performance. 

1.5 Research Objectives 

1.  To create a GaN HEMT that can surmount the major challenges of GaN HEMT such 

as spilling of 2DEG and high leakage current. For this, various engineering schemes 

such as polarization-doped buffer engineering, T-shaped gate metal engineering, and 

InAlN/AlN barrier engineering have been amalgamated over GaN HEMT. 

2. To investigate the influence of a high-k dielectric material, specifically HfO2, on the 

performance of an E-mode T-gate InAlN/AlN HEMT with a polarization-doped buffer. 

The primary goal here is to get a knowledge of how the presence of HfO2 changes the 

electrical properties of the device as well as its overall performance. By examining 

parameters such as threshold voltage, transconductance, and subthreshold slope, the 

impact of the high-k dielectric on the device's performance can be evaluated. 

3. To investigate the impact of T-shaped gate geometry on parasitic capacitance and RF 

Figure of Merits (FOMs) such as maximum oscillation frequency, gain-bandwidth 

product, cut-off frequency, maximum stable and available power gain, maximum 

transducer power gain and stability factor of E-mode T-gate InAlN/AlN HEMT with 

polarization doped buffer.  

4. To examine the small signal and noise behavior of T-gate E mode HEMT with a 

polarization-doped buffer. By studying the small signal and noise behaviour, valuable 

insights can be gained regarding the device's overall performance, signal amplification 

capabilities, and noise figure. 
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5. To design the double channel E-mode T-gate HEMT with back barrier which 

significantly affects the current driving capability and the switching performance. The 

various performance parameters, such as drain current, transconductance, intrinsic gain, 

output conductance, early voltage, parasitic capacitances, cut-off frequency, maximum 

oscillation frequency, gain frequency product, transconductance frequency product, and 

gain transconductance frequency product, can be evaluated in order to reflect its 

effectiveness in RF applications. 

6. To examine the influence of the back barrier distance from the lower channel in an E-

mode T-gate double channel HEMT. In order to assess the linearity and intermodulation 

distortion parameters, which are critical for evaluating the performance of modern high-

frequency wireless communication systems.  

 

1.6  Thesis Organization  

This thesis is divided into six chapters, each of which is aimed to address specific research 

objectives. At the end of the respective chapter the references to each chapter are listed. 

Chapter 1 introduces wide-bandgap materials, focusing on gallium nitride (GaN)'s importance 

in power electronics. The chapter covers GaN HEMT basics including the polarization effect 

and operating principle. The chapter also examines literature-reported device engineering 

schemes. These schemes include the double heterostructure HEMT with a graded back barrier, 

gate field plate, high gate multi-recessed buffer, double-channel MOS-HEMT, P-gate GaN 

HEMT and Ferroelectric gate GaN HEMT. These engineering methods are described to 

demonstrate their potential performance improvements in GaN HEMT technology. The chapter 

also discusses GaN HEMT challenges. Lastly, the Chapter concludes by outlining the overall 

organization of the thesis. It emphasizes the significance of the research presented in this thesis.  

Chapter 2 describes the proposed device along with simulation parameters. The chapter also 

describes the simulation models used in this investigation, including their calibration using 

experimental data from relevant literature. A step-by-step fabrication process flow is shown to 

determine device fabrication feasibility. The chapter examines how gate and drain bias, gate 

recessed depth, and high k gate dielectric affect the electrical and RF performance of E-mode 

T-gate InAlN/AlN HEMTs with polarization doped buffer (Sharma and Chaujar, 2022, 
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Sharma et al., 2023a). 

Chapter 3 investigates the impact of T-shaped gate geometry on parasitic capacitance and RF 

Figure of Merits (FOMs) such as maximum oscillation frequency (fmax), gain-bandwidth 

product (GBP), cut-off frequency (fT), maximum stable and available power gain (Gms and 

Gma), maximum transducer power gain (MSG) and stability factor (k) of E-mode T-gate 

InAlN/AlN HEMT with polarization doped buffer. Furthermore, the chapter investigates the 

impact of gate head length (Hlength), gate stem height (Sheight), and gate foot length (Flength) on 

the RF FOMs. The simulation results for the proposed device structure showcase its suitability 

for high-performance RF/microwave applications. 

Chapter 4 discusses the characteristics of a T-gate E mode HEMT with a polarization-doped 

buffer, focusing on its small signal and noise behaviour. The polarization-induced doping in the 

buffer layer creates an upwardly convex conduction band, resulting in improved confinement 

of the 2DEG, reduced buffer leakage current, and significantly enhanced transconductance. 

This increase in transconductance leads to a decrease in the reflection coefficient (S11, S22) 

and an improvement in the transmission coefficient (S21) compared to GaN buffer HEMTs. 

The various noise parameters, including the minimum noise figure, noise conductance, and 

auto/cross-correlation factor for the proposed device are evaluated. The simulated results 

indicate that the T-gate polarization-doped buffer (PDB-HEMT) structure is an excellent choice 

for Low Noise Amplifiers (LNA) operating at higher frequencies (Sharma et al., 2023b). 

Chapter 5 discusses the design and analysis of E-mode T-gate double-channel High Electron 

Mobility Transistor (HEMT) with an InGaN back barrier. The formation of the double channel 

is due to the addition of the AlN layer underneath the InAlN/GaN interface, which in turn results 

in an increase in the drain current density of 2.5 A/mm. However, due to a lack of gate 

controllability over a lower channel, a high leakage current is observed in double channel 

HEMT. The use of InGaN as a back barrier allowed for the successful resolution of this issue. 

This increases the conduction band for the GaN buffer, which results in better carrier 

confinement in 2DEG. The proposed device's performance is measured against that of standard 

double-channel HEMT. Various performance parameters, such as drain current (Ids), 

transconductance (gm), intrinsic gain (Av), output conductance (gd), early voltage (VEA), TGF, 

parasitic capacitances (Cgs, Cgd), cut-off frequency (fT), maximum oscillation frequency (fmax), 

gain frequency product (GFP), transconductance frequency product (TFP), and gain 
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transconductance frequency product (GTFP), are investigated. Furthermore, the linearity 

parameters such as VIP2, VIP3, IIP3, 1-dB compression point has been investigated by varying 

the back barrier distance from the lower channel. (Sharma and Chaujar, 2021). 

Chapter 6 provides a summary of the overall research work illustrated in this thesis. 

Additionally, this chapter explores the potential for future advancements and discusses how this 

work can be expanded and used in future for further research directions. 
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CHAPTER 2 
 

Simulation of T-Gate E-Mode HEMT with 
Polarization Induced Doped Buffer for 

Electrical and RF Performance 
 

This chapter focuses on the DC and RF performance of T-gate E mode HEMT with polarization 

induced doped buffer. The proposed device has the feature of polarization induce doping in the 

buffer layer (buffer Engineered), heavily doped source/drain region, and recessed T-gate (Gate 

Metal Engineered) structure. The polarization-induced doping in the buffer layer bent the 

conduction band upwardly convex, which enhanced the 2DEG confinement, reduced the buffer 

leakage current, and significantly uplifted the breakdown voltage (33 V), which is 5 times higher 

than the conventional InAlN/AlN GaN buffer HEMT (8 V). The recessed gate engineering further 

enhances various performance parameters. It achieves an impressive Ion/Ioff ratio of 109, reduces 

the subthreshold swing (SS) to 78 mV/dec, and minimizes the drain-induced barrier lowering 

(DIBL) to 100 mV/V. The proposed device exhibits a high current density of 2.8 A/mm, 

transconductance 1.55 S/mm, cutoff frequency fT (583 GHz), and maximum oscillation frequency 

fmax (840 GHz). At room temperature, the carrier density and mobility measured are 2.8 × 1013 

cm-2 and 1250 cm2/Vs. The large Johnson figure of merit (fT. VBR) 19.23 THz and (fT. fmax)1/2 699 

GHz shows the potential of the proposed device for high-power millimeter-wave applications. 

Additionally, high-k gate oxide engineering has also been conducted in this chapter, where a 

specific region of the recessed gate is substituted with a high-k dielectric material. This integration 

of the high-k dielectric brings about notable improvements in both interfacial and transport 

characteristics, while concurrently reducing the gate leakage current. Nevertheless, it is important 

to note that implanting the gate oxide alone does not enable E-mode operation. As a result, the 

superior option for achieving E-mode operation is through the utilization of gate-recessed 

engineering techniques.  
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2.1 Introduction 
The HEMT is a special type of field effect transistor designed to operate at microwave 

frequencies. The HEMT is able to function at extremely high microwave frequencies and has a 

low noise figure. This is a very desirable combination. As a consequence of this, the device is 

utilized in regions of RF design in which it is necessary to achieve good performance at 

extremely high RF frequencies. Over the past few years, researchers have significantly 

enhanced the capabilities of GaN-based transistors used in high-frequency RF power 

amplifiers. Significant progress has been made in bridging the performance difference between 

low bandgap semiconductor technologies through advancements in raising the maximum cut-

off frequency from several tens of GHz to around 450 GHz. Likewise, innovative methods for 

maintaining high speeds within broad bias ranges and cutting-edge technologies for enhancing 

peak frequency performance have emerged. Notably, HEMT devices find application across 

various RF design domains including radio astronomy, radio telecommunications, direct 

broadcast receivers (DBS), and RADAR (Radio Detection and Ranging System). 

Recently, there has been a lot of interest in AlGaN/GaN HEMTs as a possible technology for 

the next generation. In order for mobile communication applications to improve, the upcoming 

generation of cell phones should have a broader frequency range and be more effective than the 

previous ones. The progress in satellite transmission and TV programming also requires 

amplifiers that can function at higher frequencies and power. Considering these requirements, 

AlGaN/GaN HEMTs are an excellent choice for utilizing microwave power in wireless 

communication due to their exceptional properties. AlGaN/GaN HEMTs have been the subject 

of several studies (Mishra et al., 2002, Sano et al., 2018) due to their usefulness in high RF 

applications. However, AlGaN/GaN HEMT also faces a number of difficulties that prevent it 

from being widely used. The primary roadblock that AlGaN/GaN HEMT faces is its strain 

problem, which is originates from the lattice mismatch between the GaN and AlGaN contact. 

As described in Chapter- 1 (Ambacher et al., 2000), the polarization discontinuity at the 

interface barrier-layer / buffer of the AlGaN/GaN HEMT forms a highly mobile sheet charge 

serving as the channel charge. This charge is caused by piezo and spontaneous polarization 

respectively. The polarization discontinuity of standard AIGaN/GaN-HEMTs, which include    
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piezo and random components, is proportional to the aluminium concentration in the barrier 

layer. Either the aluminium content of the barrier layer needs to be increased, or modulation 

doping needs to be used in order to achieve the desired increase in sheet charge density and 

subsequent increase in maximum DC-output current. However, excessive Al concentration 

increases strain and degrades the material quality. 

In this contribution, an InAIN layer is used in place of an AlGaN barrier layer, which results in 

the formation of a new layer structure. The greater spontaneous polarization of InAIN in 

comparison to AIGaN (Kuzmik, 2001) makes this layer structure capable of producing 

theoretically higher sheet charge concentrations. For In contents below 17%, InAIN layers can 

be grown under tensile stress on GaN, and for In contents above 17%, InAIN layers must be 

grown under compressive stress. By maintaining an In composition of 17% in the overall 

structure, the lattice of InAlN matches that of the GaN layer, thereby reducing strain at the 

InAlN/GaN junction (Kuzmik, 2001).  High sheet charge concentrations of 2.9 x 1013 cm-2 are 

anticipated when this technology is applied to InAlN/GaN HEMTs enhancing the drain current 

density of 3.3 A/mm, which is 205% higher than the AlGaN HEMT (Kuzmik, 2001). The 

InAlN/AlN-based HEMTs allow the device's aggressive scaling, empowering the cutoff 

frequency and reducing the short-channel effects (SCEs). Nowadays, InAlN/GaN attracted 

much attention in high-power RF applications due to its high power and current gain frequency, 

minimum SCEs, lower leakage current, and high drain current density (Cui and Zeng, 2021, 

Chand et al., 2021). The device performance has also been improved by introducing the AlN 

layer between the InAlN/GaN layer, which increases the conduction band's discontinuity and 

enhances the 2DEG concentration (Shrestha et al., 2014). Additionally, it reduces the alloy's 

scattering, which results in a considerable increase in the device’s mobility. 

Another major challenge with HEMT is the spilling of 2DEG from the GaN channel to the 

buffer layer, which reduces the mobility and reliability of the device (Khan et al., 1992). There 

are many techniques that have been reported to prevent the overflowing of 2DEG into the buffer 

layer, such as the double heterostructure HEMT method, in which a back-barrier layer is 

introduced between the channel and the buffer layer, as is discussed in Chapter 1 (Gu et al., 

2019). It is the simplest and most straightforward method for improving the confinement of 

heterojunction 2DEG and preventing an excess flow of carriers into the buffer layer. Several 

studies (Chen et al., 2003, Lee et al., 2011, Meng et al., 2012) have reported on the impacts of 
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the AlGaN back-barrier layers on HEMTs that have double heterojunction structures. To some 

extent, it can improve carrier confinement to some degree, but it also creates a parasitic channel 

at the junction between the AlGaN back barrier /GaN buffer. The researchers have also adapted 

another technique, which involves increasing the resistivity of the buffer layer by doping it with 

either iron (Fe) or carbon (C) acceptors (Pampili and Parbrook, 2017). On the other hand, these 

dopants cause the generation of deep-level acceptors in the layer, which results in a current 

collapse (Uren et al., 2012). Recently, polarization doping produced by grading the AlGaN 

layer has been regarded as a superior option. Because of the polarization-induced doping in the 

buffer, the potential can be bent upwardly convex. This increases the resistivity in the buffer 

layer without any intentional doping, which significantly reduces the buffer leakage current, 

improving the pinch-off voltage and microwave performance of the device. 

Many experimental and theoretical papers have already been published for the different types 

of graded engineering. Li et al., 2012 published experimental work on the polarization-induced 

pn junction. Jena et al., 2002 shows the experimental work on polarization bulk doping. Li et 

al., 2013 exhibit polarization-induced hole doping in which Al comp changes from 0.7 to 1. 

Yao et al., 2015 used polarization doping for UV LEDs, and Han et al., 2018 reported the 

polarization doping reduces SCEs. Li et al., 2015 show the breakdown and current collapse 

characteristics of graded AlGaN buffer. Graded AlGaN buffers in AlGaN/GaN HEMTs can 

significantly reduce the buffer-related current collapse and buffer leakage current (Inoue et al., 

2008). 

GaN-based devices are normally on devices by nature. Despite the fact that these devices are 

often used in cascode package solutions or with specialized controllers in power semiconductor 

systems, the market requires enhancement mode (E-mode) or normally-off devices instead. In 

recent years, E-mode HEMTs and metal-oxide-semiconductor field-effect transistors (MIS-

HEMTs) have undergone intensive research and development due to rising demand from 

various applications. For RF/microwave circuits, E-mode devices make it possible to eliminate 

the negative-polarity power supply, which simplifies the circuit and system architecture. Power 

switches achieved by E-mode devices offer highly desirable intrinsic fail-safe operation, 

making them ideal for use in power electronics. GaN devices operating in E-mode would 

improve overall circuit and system efficiency when used in high RF and new digital 

applications. Several methods have been proposed for obtaining E-mode devices; these include 
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thin barrier structure (Endoh et al., 2004), fluorine plasma treatment (Su et al., 2014), and p-

GaN cap structure (Hu et al., 2000). The p-type GaN layer is grown on top of the AlGaN barrier, 

a gate metal is deposited and patterned, and the AlGaN barrier is recessed selectively to create 

a p-GaN HEMT. To achieve E-mode operation, the gate metal layer makes a Schottky or ohmic 

contact with the p-GaN layer, elevating the potential in the channel. Recessed-gate metal 

insulator HEMTs (recessed gate MISHEMTs) are another method of achieving E mode 

operation by (completely or partly) recessing the AlGaN barrier below the gate to interrupt the 

2DEG and obtain normally-off operation (Choi et al., 2014). The recessed-gate MIS structure 

device is the most promising approach to fabricating the E-mode AlGaN/GaN power device 

due to its high breakdown voltage, threshold voltage and gate voltage fluctuation. 

To outstretch the operating frequency of GaN HEMTs for mm-wave application. It is 

important to reduce the gate length of the device to the nanometer range. Many researchers 

have published their work on different gate geometry to enhance RF performance. Such as 

camel-shaped (Khan et al., 2013), T-shaped (Murugapandiyan et al., 2017a), and gamma-

shaped (Peroni et al., 2007) gate structures. Among all these gate structures, the T-shaped 

gate geometry is appropriate to enhance the RF performance of the device. As the T-shaped 

structure decreases, the gate resistance and gate capacitance reduces by providing a larger 

gate area and lower foot length.  

Hence, individual engineering approaches like as barrier, buffer, and gate design are 

insufficient to address the issues posed by HEMT. As a result of this, the primary objective 

of this chapter is to include all of the barrier, buffer, and gate engineering into a single HEMT. 

Thus, with an anticipation of the combined advantages of the InAlN barrier layer, 

polarization-doped buffer layer, and T-shaped gate geometry for improved device 

characteristics, E-mode T-gate InAlN/AlN HEMT with polarization-doped buffer is analyzed 

throughout the thesis. In this chapter, an InAlN barrier layer, polarization-doped buffer layer, 

and T-shaped gate structure has been integrated into HEMT to acquire an improved device 

DC and RF performance. These advancements have not only enhanced the transistor's 

operational efficiency but also opened up new possibilities for various applications in the field 

of electronics. 

The following outline constitutes this chapter's structure: The first section of this chapter 
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provides an overview of the device construction, along with the structural parameters and 

computational models that were applied throughout the course of this study. The confirmation 

of the simulation setup is demonstrated in the second portion of the chapter, which details how 

the models used in the simulation setup were calibrated with the experimental data provided 

and how this was accomplished. In the following section of the chapter, the possibility of the 

suggested device's manufacturing will be discussed. The later part of the chapter discusses the 

results obtained through simulation. These results include the effect of gate and drain bias, 

effect of gate recessed depth, impact of high k gate dielectric; all of these factors have an impact 

on the electrical and RF performance of E-mode T-gate InAlN/AlN HEMTs with polarization 

doped buffers. The conclusion of the chapter is presented in the final part of the chapter's 

summary. 

2.2 Device Structure 
The two-dimensional view of the simulated device structure, which is an E-mode T-gate 

InAlN/AlN HEMT comprising of recessed gate engineered and polarization doped buffer 

engineered, is displayed in Figure 2. l(a). Table 2.1 contains a summary of the structural 

parameters of the device along with their respective values. The device is made up of a lattice-

matched InAlN barrier layer, AlN spacer layer, which increases the conduction band 

discontinuity at AlN/GaN junction and enhances the 2DEG concentration, GaN channel layer, 

                      

Fig. 2.1 (a) Schematic structure InAlN/AlN T-gate E-mode with polarization doped buffer (b) polarization 

induced doping (Sharma and Chaujar, 2022). 
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and AlGaN buffer layer in which aluminum composition linearly changes from 0.2 to 0 along 

the (0001) direction. The T-shaped Schottky gate consists of a Pt/Au metal stack with a smaller 

footprint and a larger gate area. The T-shaped structure decreases the gate resistance and gate 

capacitance by providing a larger gate area and lower foot length (Zhang et al., 2013). The 

source and drain region doped with Si of order 1019 cm-3 to reduce the contact resistance 

(Murugapandiyan et al., 2017b). The SiN layer is used to passivate the device, which reduces 

the parasitic capacitance and enhances the device's frequency parameters (Murugapandiyan et 

al., 2017b). All simulations have been performed using the ATLAS device simulator (Manual, 

2016). The physics of polarization-induced doping in the buffer is depicted in Figure 2.l(b). 

The polarization charge discontinuity across the heterojunction formed the fixed polarization 

charges. When the Al composition changes from the AlGaN to GaN, a negative polarization 

charge field is induced over bulk, and the induced charge density is calculated by the 

divergence of the polarization field, which changes along the growth direction. Due to the 

charge neutrality, equivalent holes are induced by the negative polarization charge field. Hence 

bulk-free electrons are more deeply compensated by the high-density polarization-induced 

holes and significantly reduce the buffer leakage current. 

TABLE 2.1 

Values of Device Parameters (Sharma and Chaujar, 2022). 

Parameters Values 

Buffer layer 1 µm 

Channel layer 20 nm 

Spacer layer 1 nm 

Barrier layer 6 nm 

Passivation layer 20 nm 

Gate Length 10 nm 

Gate Width 50 µm 

Source /drain doping 1×1019 cm-3 

Gate to source length 400 nm 

Gate to drain length 590 nm 
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2.3 Simulation Model and Calibration 
During the simulation, the following models were used to simulate the device response: the 

hydrodynamic model, the Fermi-Dirac model, the low-field electron mobility model, the high-

field mobility model, the Shockley–Read–Hall (SRH) model, and the polarization model 

(Manual, 2010). The hydrodynamic model is the one that was used for carrier transport in this 

study. The typical drift-diffusion model of charge transport overlooks non-local transport 

phenomena such velocity overshoot, diffusion related with carrier temperature, and impact 

ionisation rate depending on carrier energy distributions. These phenomena can significantly 

influence the terminal properties of submicron devices. As a consequence of this, Atlas 

provides a hydrodynamic model of charge transport, which is an advantageous model to use 

when simulating deep submicron devices. 

Electric fields are responsible for the acceleration of electrons and holes; however, the electrons 

and holes ultimately lose velocity due to the different scattering processes. Lattice oscillations, 

ions impurities, other carriers, surfaces, and various other material imperfections are all 

examples of scattering mechanisms. The low-field mobility model and the high-field mobility 

model have both been utilized in the course of this investigation into the various scattering 

mechanisms. The statement is known as ALBRCT.N and has referred to the low-field Albrecht 

Model. In the MOBILITY statement, the variable GANSAT.N is responsible for specifying the 

"high field mobility" model, which is a nitride-specific field-dependent mobility model. In 

order to investigate the electron capturing process that occurs at each trap level, Shockley–

Read–Hall (SRH) recombination, which is also known as trap-assisted recombination, is 

employed. As mentioned in Chapter 1, GaN is a polar material that shows significant 

polarization effects.   In order to take into account these kinds of impacts, the simulation makes 

use of the POLARIZATION model. In addition, the CALC.STRAIN statement is utilized in 

order to perform the calculation of the piezoelectric polarization. Since In0.17Al0.83N has a 

lattice that is matched to GaN, and because the graded back barrier layer is believed to have 

complete lattice relaxation, the total polarization in the device is spontaneous polarization and 

does not include any piezoelectric polarization. It is possible that a space polarization-induced 

charge could be produced by a gradient of polarization in the AlxGa1-xN back-barrier, provided 

that the polarization gradient changes along the growing direction. When the electric field 

across an insulator is sufficiently strong, it has the potential to induce the tunneling of electrons 
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from the fermi level of a semiconductor (or metal) into the conduction band of the insulator. 

This procedure is highly dependent on the applied electric field, but it is not affected by the 

temperature of the surrounding environment. In the simulation, the FN tunneling model is 

called upon to be used to account for such effects. It is necessary to specify the FNORD 

parameter of the model statement in order to facilitate Fowler-Nordheim tunneling (Lenzlinger 

et al., 1969). 

In order to simulate the device structure, a well-calibrated TCAD setup was utilized. This was 

done in order to correlate the simulation models with the experimental findings that have 

already been published (Han et al., 2016). Figure 2.2 demonstrates that the calibration of 

simulation models with experimental data for transfer characteristics reveals close proximity, 

which justifies the choice of model parameters considered in the simulation setup.  

2.4 Fabrication Process Flow 
The process of fabricating the T-gate E-mode HEMT with polarized doped buffer is depicted 

in Figure 2.3. The molecular beam epitaxy (MBE) technique is used to produce the epitaxial 

stack (InAlN/AlN/GaN/AlGaN) on top of the SiC substrate (Jena et al., 2002). The ohmic 

source/drain n++ GaN regions are regrown by MBE with a SiO2 growth mask (Guo et al., 

2012). First, a SiO2/SiNx mask was made using plasma-enhanced chemical vapour deposition 

(PECVD) and then patterned by reactive ion etching. After that, the ohmic region of the 

 

Fig. 2.2 Comparative analysis of experimental (T. Han et al., 2016) and simulation result with 70 nm T-

gate length HEMT at Vgs = -3V, -2V. 
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InAlN/AlN/GaN layer was etched down in the ohmic region, followed by an undercut etch of 

the SiO2 regrowth mask. A GaN: Si (> 1 × 1019 cm−3) was regrown by MBE, and the specific 

growth conditions were described by Guo et al., 2011. After ohmic regrowth, non-alloyed 

ohmic contacts were formed by the deposition of a Mo/Au-based stack. The device was finally 

passivated by a SiN layer using PECVD (Micovic et al., 2017). The fabrication of the T-gate 

consists following steps. The electron beam lithography is used for gate definition, gate foot is 

partially recessed into the barrier layer by dry etching, then the deposition of gate metal by an 

electron beam evaporator (EBE) (Micovic et al., 2017). 

2.5 Results and Discussion 

2.5.1 Band Diagram 

Figure 2.4(a) illustrates a band energy diagram for the T-gate E-mode HEMT with a 

polarization-doped buffer. The device has a buffer with an AlGaN-graded composition, which 

generates a negative space polarization charge based on Equations 2.1 and 2.2, which 

increases the potential of the buffer layer towards the backside (Inoue et al., 2008).  

PSP(AlxGa1−xN) = x PSP. (AlN) + (1 − x) PSP. (GaN)                                                             (2.1)  

 

Fig. 2.3 fabrication process flow of proposed structure (Sharma and Chaujar, 2022). 
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ρP = −∇. P =  −
∂P
∂Z

                                                                                                                        (2.2) 

In addition to this, the bandgap of the polarization-graded AlGaN buffer continuously widens 

as the amount of Al content in the buffer increases. As a direct consequence of this, the buffer's 

conduction band shifts towards the upward direction, making the buffer layer potentially 

upwardly convex and effectively confined the 2DEG in the channel. Moreover, the 

discontinuity in the bandgap of heterostructure forms the quantum well at the AlN/GaN 

interface. The InAlN/GaN heterojunction has a large band discontinuity and strong polarization 

effect, allowing the large 2DEG formation in the device. The 2DEG concentration can be 

calculated using Equation 2.3 (Qin et al., 2018). 

ns =  1
(dInAlN+dAlN) × �σInAlN×dInAlN

e
+ σAlN×dAlN

e
− ε(x)ε0

e2
× �e∅b(x) + EF[x, ns(x)]−

∆Ec,AlN/GaN + ∆Ec,InAlN/GaN(x)��                                                                                                   (2.3)   

where σInAlN,σAlN, dInAlN, dAlN, mInAlN, mAlN, mGaN, εInAlN, εAlN, χInAlN, χAlN, χInN are the 

induced polarization charge density, thickness, effective mass, dielectric constant, and electron 

affinity of the InAlN, AlN layer. ∅b(x), EF is the schottky barrier height and fermi energy 

level. ∆Ec,AlN/GaN and ∆Ec,InAlN/GaN(x) is the conduction band offset. The values of various 

parameters are depicted in Table 2.2. The total charge density in the channel region is 2.8 × 

1013 cm-2 obtained as depicted in Figure 2.4(b).  

             

Fig. 2.4 (a) Conduction band diagram (b) Total charge density in the channel of the T-gate E-mode HEMT 

with polarization doped buffer (Sharma and Chaujar, 2022). 
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2.5.2 DC Characteristics 

 This subsection investigates the effect of the gate and drain bias on the DC and analog 

performance of the proposed device (T-gate E-mode HEMT with polarized doped buffer). 

Figure 2.5(a) depicts the characteristics of the drain current for the proposed device with the 

gate voltage (Vgs) at various drain bias (Vds) voltages (1V, 3V). It is observed that for Vds= 

1V, drain current starts increasing linearly at Vgs= 1V and saturates at Vgs= 2V. In addition, 

by increasing the Vds to 3V, the drain current increases along with the gate bias, and a greater 

drain current density of 2.8 A/mm is obtained when the Vgs value is reached 3V. The reason 

 

Fig. 2.5 (a) Linear scale (b) Log scale drain current density of the 10 nm gate length T-gate E-mode HEMT 

with polarization doped buffer at Vds = 1V and 3V (Sharma and Chaujar, 2022). 

 

TABLE 2.2  

Values of Parameters Used in Simulation (Sharma and Chaujar, 2022). 

Parameters Values 
σInAlN -4.189×1013 Cm-2 

σGaN -1.84×1013 Cm-2 
∅s 2.8 eV 

∆Ec,InAlN/GaN 0.8eV 
∆Ec,AlN/GaN 1.7 eV 

mInAlN 0.25 mo 
mAlN 0.32 mo

 

mGaN 0.20 mo 
εInAlN 10.1 
εAlN 9.5 
χInAlN 2.5 eV 
χAlN 2.1 eV 
χInN 4.7 eV 

 

       



Chapter 2: Simulation of T-Gate E-Mode HEMT…… 

Megha Sharma                                                                                                                                     40 

 

why drain bias causes a rise in drain current is that the velocity of electrons in the channel is 

proportionate to the applied electric field, so the current will grow as the field strength does 

(see Chapter 1's Equation 1.9 for the relationship between drain current and electron 

velocity). The ultra-scaled devices have one significant problem, and that is the short channel 

effect, which is especially problematic in the 10-nanometer gate length. The DIBL and 

subthreshold swing are the most pronounced SCEs, and for better device performance, these 

effects should be low. DIBL investigates the change of threshold voltage with the drain 

voltage. The potential barrier between the source and drain in long gate devices is typically 

governed by the gate bias. However, as the gate length is aggressively decreased, the potential 

barrier will also be reduced by the positive drain-source voltage. As a consequence of this, 

the DIBL effect is causing a decrement in the threshold voltage (Vth) value in response to an 

increase in Vds. Figure 2.5(b) displays the transfer characteristics as a logarithmic curve for 

Vds= 1 and 3 V. It was found that the proposed device has a DIBL that is 100 mV/V.  A 

transistor's subthreshold swing measures how quickly it can be switched on or off. As a 

function of gate bias, it is defined by the inverse slope of the exponential drain current in the 

subthreshold region and calculated as 

𝑆𝑆𝑆𝑆 = �𝜕𝜕(log 𝐼𝐼𝑑𝑑𝑑𝑑)
𝜕𝜕𝑉𝑉𝑔𝑔𝑑𝑑

�
−1

                                                                                                                           (2.4)   

In an ideal world, excellent transistors would turn off when the threshold voltage was reached. 

However, this is not possible in practice because short-channel effects can have a significant 

impact. The SS value of the proposed device was determined to be 78 mV/dec. Based on these 

findings, the polarization-doped buffer can exert effective control over the SCEs and 

significantly improve the modulation efficiency of the gate. The transconductance of a 

transistor reflects how much a transistor can produce current by applying input voltage across 

its gate. It tells you how much strong it is to convert a small amount of voltage into a desirable 

current. It is defined as the derivative of drain current with gate bias at constant drain voltage. 

The transconductance characteristics of the proposed device are depicted in Figure 2.6(a). It 

has been observed that on increasing the gate voltage, transconductance also increases, and a 

higher peak of the transconductance of 1.55 S/mm is obtained at Vgs = 1.4 V and Vds = 3 V 

after that, a downward swing is observed at higher gate bias. This reduction in transconductance 

at higher gate bias is due to the saturation of drain current at higher gate voltage, as shown in 
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Figure 2.5(a). Figure 2.6(b) exhibits the breakdown characteristics of the proposed T-gate E-

mode HEMT with a polarized doped buffer. The higher breakdown voltage, i.e., 33V, was 

obtained for the proposed 10 nm T-gate InAlN/AlN HEMT with a polarized doped buffer, 

which is 5 times higher than the conventional InAlN/AlN GaN buffer HEMT. The enhancement 

of the breakdown voltage in a proposed device is because of the polarization-induced doping 

in the buffer layer, which reduces the buffer leakage current. 

2.5.3 Microwave Characteristics               
The microwave properties of the proposed device are investigated in this section through S-

parameter simulation. These types of analysis are called small-signal analysis, as small input 

signals are required for the characterization. The parameters investigation includes cut off 

frequency (fT), max oscillation frequency (fmax), max. stable gain (MSG), and Mason's 

unilateral gain (MUG). All these parameters are directly calculated from the S parameters by 

using the following equations (Ramkumar et al., 2021). 

ℎ21 =  �
−2𝑆𝑆21

(1 − 𝑆𝑆11) × (2 − 𝑆𝑆22) − 𝑆𝑆12 × 𝑆𝑆21
�                                                                                 (2.5) 

MUG =  � |S21|2

(1−|S11|2)× (1−|S22|2)�                                                                                                         (2.6)  

          

Fig. 2.6 (a) Transconductance of the 10 nm gate length T-gate E-mode HEMT with polarization doped 

buffer at Vds = 1V and 3V (b) Breakdown voltage for both the devices (Sharma and Chaujar, 2022). 
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𝑀𝑀𝑆𝑆𝑀𝑀 =  |𝑆𝑆21|2

|𝑆𝑆12|2   × �𝐾𝐾 ± �(𝐾𝐾2 − 1)�                                                                                      (2.7)     

K =  
1 − |S21|2 − |S12|2 + |S11S22 − S12S21|2

2 × |S12|2 × |S12|2                                                                      (2.8)    

fT defines as the frequency at which forward current gain (h21) becomes unity. Mason's 

unilateral gain (MUG) is an important figure of merit used to investigate the max oscillation 

frequency. MUG defines as the power gain of two pot network where output to input feedback 

is zero. Figure 2.7(a) and Figure 2.7(b) exhibit the small-signal characteristics of the proposed 

device at Vgs=1.4V and Vds= 3V. At the point when the current gain and the unilateral gain 

both equal 0 dB, the fT and fmax values are calculated. The fT and fmax values 583 GHz and 840 

GHz are recorded for the proposed device. A microwave transistor has the capacity to amplify 

or sustain the oscillation in the circuit. Whether the transistor in the circuit oscillates or not its 

depends upon the input and output load impedance. The choice of stability of the device is 

important while designing the amplifier otherwise amplifier will turn to an oscillator. RF 

transistors whose operating frequency is greater than the critical frequency(fk) are 

unconditionally stable, and if the operating frequency is lower than the fk, the transistor is 

conditionally stable. The rollett stability factor (K>1) is the sufficient condition for the device's 

stability (Lenka et al., 2013). The K value indicates whether the device oscillates or not. When 

the K>1, it shows the conjugate matching of input and output loads. This is the standard criteria 

of stability, and the circuit is unconditionally stable. If the K<1, then the circuit is conditionally 

           

Fig. 2.7 (a) Current gain and unilateral gain (b) Rollett stability factor and max. stable gain of the T-gate 

E-mode HEMT with polarization doped buffer (Sharma and Chaujar, 2022). 
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stable. Once the stability condition is satisfied, the maximum stable gain is calculated using the 

stability factor and S parameters, as shown in Equation 2.8. The rollett stability factor and MSG 

are plotted in Figure 2.7(b). It has been observed that the device is conditionally stable in the 

cutoff frequency region and behaves as a stable amplifier.  

2.5.4 Impact of Recessed Gate Depth     

In this subsection, the effect of recessed depth (Rd) on the DC and RF performance of the 

proposed device is investigated. The drain current density of variable recessed depth (Rd) is 

depicted in Figure 2.8(a). It has been observed that on increasing the recessed depth from 2 

nm to 5 nm, the threshold voltage is shifted toward the positive side with a significant decline 

in drain current. This is due to the fact that when the gate is recessed into the barrier then the 

gap between the gate and the channel gets smaller, which results in an increase in the 

controllability of the gate on the channel. Figure 2.8(b) shows the high on/off ratio 107 for the 

recessed depth 5 nm at Vds = 3V. Figure 2.9(a) shows the transconductance characteristics of 

variable gate recessed depth. It has been observed that transconductance increases by 

increasing the recessed depth from 2 nm to 5 nm. This increment is because gate controllability 

over a channel increases by increasing the recessed depth, enhancing the transconductance, and 

reducing the short channel effect. Figure.2.9(b) shows the graph of breakdown voltage with 

gate recessed depth. A higher breakdown voltage has been observed for the 5 nm recessed 

depth.  

 

Fig. 2.8 (a) Linear scale (b) Log scale drain current density for variable recessed depth (Rd) of the T-gate 

E-mode HEMT with polarization doped buffer (Sharma and Chaujar, 2022). 
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 The impact of gate recessed depth on parasitic capacitance and the cutoff frequency is shown 

in Figure 2.10(a-c). The plot of the gate-to-source capacitance (Cgs) and gate-to-drain 

capacitance (Cgd) with gate bias is shown in Figure 2.10(a, b). For better RF performance, 

                   

Fig. 2.9 (a) Transconductance (b) Breakdown voltage for variable recessed depth of the T-gate E-mode 

HEMT with polarization doped buffer (Sharma and Chaujar, 2022). 

 

 

Fig. 2.10 (a) Gate to source (b) Gate to drain capacitance (c) Cut off frequency of the T-gate E-mode HEMT 

with polarization doped buffer for variable recessed depth (Sharma and Chaujar, 2022). 
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these parasitic capacitances should be low. At lower gate voltage, there is a slow increment in 

Cgs and Cgd, but at higher gate bias, there is a quick increment in Cgs and Cgd due to the 

enhancement of the lateral electric field, which increases the carrier movement from the drain 

to the source side. For the gate recessed depth of 5 nm, a higher value of Cgs and a lower value 

of Cgd are observed at higher gate bias. Figure 2.10(c) exhibits the plot of cutoff frequency 

with gate bias. The mathematical formula of cutoff frequency is expressed by Equation 2.9.        

fT ≈ gm 2π(Cgs+C
gd

)�                                                                                                                      (2.9) 

It is seen that fT depends upon transconductance and parasitic capacitance. The higher value of 

parasitic capacitance for recessed depth 5 nm detroit the fT, but the higher value of gm 

significantly enhanced the fT. 

2.5.5 Impact of Gate Oxide      

This subsection investigates the impact of high k gate dielectric on the proposed device. Many 

researchers have described the usage of metal-oxide-semiconductor (MOS) structures to 

minimize gate leakage current and acquire considerable pinch-off characteristics. SiO2 (Brown 

et al., 2014), ZnO (Lee et al., 2010), Al2O3 (Liu et al., 2013), and ferroelectric material (Qi et al., 

2021) have also been employed as gate dielectrics in nitride-HEMTs to create a more effective 

 

Fig. 2.11 T-gate HEMT with polarization doped buffer and high k dielectric (PD-MOS-HEMT) (Sharma et 

al., 2023). 
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MOS structure. Recently, high-k materials such as HfO2 emerged as potential gate-insulating 

material that enhances the device's stability and transport performance (Yue et al., 2008). In this 

section, a 70 nm T-gate HEMT with polarization doped buffer is used, passivated by the HfO2 

layer. In place of the recessed gate in the barrier layer, a 5 nm HfO2 layer is recessed in the 

barrier, as shown in Figure 2.11. 

Figure 2.12 depict the drain current characteristics for four different structures on the same 

dimensions: conventional T-gate HEMT (GaN-HEMT), T-gate HEMT with high k dielectric 

(MOS-HEMT), T-gate HEMT with polarization doped buffer (PD-HEMT), and T-gate HEMT 

with polarization doped buffer and high k dielectric (PD-MOS-HEMT). It has been observed 

that the insertion of HfO2 below the gate significantly shifts the threshold voltage toward the 

positive side, as shown in Figure 2.12(a). The polarization-induced doping in the buffer region 

reduced the off-state current (10-13), as shown in Figure 2.12(b). The polarization doping in 

the buffer layer acts as a blocking layer that hinders the 2DEG in the buffer region, effectively 

suppressed the buffer leakage current. The transconductance curve for all four devices is shown 

in Figure 2.13. It can be observed that the insertion of a high k gate dielectric significantly 

enhances the transconductance by about 170% as compared to the conventional HEMT due to 

the high gate leakage blocking ability. In comparison, a 51% enhancement in transconductance 

is observed for PD-HEMT. 

 

Fig. 2.12 (a) Linear scale (b) Log scale drain current density for 70 nm gate length conventional T-gate 

HEMT (GaN-HEMT), T-gate HEMT with high k dielectric (MOS-HEMT), T-gate HEMT with 

polarization doped buffer (PD-HEMT), and T-gate HEMT with polarization doped buffer and high k 

dielectric (PD-MOS-HEMT) (Sharma et al., 2023). 
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Hence the collective engineering of high k gate dielectric and polarization induces doping in 

the buffer region in the proposed structure (PD-MOS-HEMT), significantly shifts the threshold 

voltage positive side, reduces off current (10-14), and enhances the transconductance (900 

mS/mm) about 215%. The comparative analysis of 10 nm and 70 nm gate length PD-MOS-

HEMT is exhibited in Table 2.3. It has been observed that on reducing the gate length to 10nm, 

the switching ratio reduces to 105, a negative shift in threshold voltage and a 50% reduction in 

transconductance is observed. Therefore, the T-gate PD-MOS-HEMT demonstrates 

outstanding performance when operated with a gate length of 70 nm. However, it is worth 

noting that the PD-MOS-HEMT primarily operates in D-mode. On the other hand, devices 

operating in E-mode offer a highly desirable intrinsic fail-safe operation, making them 

exceptionally well-suited for power electronics applications. Considering these advantages, our 

thesis focuses on the development and analysis of recessed gate E-mode T-gate HEMTs with 

a polarized doped buffer.   

 

Fig. 2.13 Comparative analysis of transconductance for GaN-HEMT, MOS-HEMT, PD-HEMT, and PD-

MOS-HEMT. (Sharma et al., 2023) 

TABLE 2.3 

Comparative analysis of T-gate PD-MOS-HEMT for different gate length 

Parameter 10 nm T-gate PD-MOS-
HEMT 

70 nm T-gate PD-MOS-
HEMT 

Switching ratio (Ion/Ioff) 105 1014 

Threshold voltage (Vth) -3.9 V -2.3 V 

Transconductance (gm) 0.061 0.074 
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2.6 Summary 
In this chapter, a T-gate E-mode HEMT with a polarization-doped buffer has been proposed, 

and a detailed DC and RF performance analysis has been developed. The results demonstrate 

that the utilization of recessed gate engineering and polarization-induced doped buffer 

engineering yields substantial improvements across various performance metrics. Notably, 

these techniques achieve a remarkable on/off ratio of 109, a significant reduction in 

subthreshold swing to 78 mV/dec, and a DIBL of just 100 mV/V. Furthermore, they increase 

the breakdown voltage to 33 V, improve the cutoff frequency to 583 GHz, and maximize the 

oscillation frequency to 840 GHz. Moreover, the use of lattice-matched InAlN barrier layer 

and AlN spacer layer enhances the electron mobility (1250 cm2/Vs) and 2DEG density (2.8 × 

1013 cm-2) due to which higher drain current density has been achieved (2.8 A/mm). 

Additionally, the impact of gate recessed depth (Rd) on DC and RF performance is also 

investigated. It has been observed that on increasing the gate recessed depth from 2 nm to 5 

nm, a positive shift in threshold voltage (0.8V), lower off current (10-8), and higher 

transconductance (1.55 S/mm) is achieved.  

Moreover, a high-k gate oxide engineering approach has been employed, wherein a particular 

segment of the recessed gate is substituted with a high-k dielectric material. This strategic 

implementation of the high-k dielectric significantly enhances the interfacial and transport 

characteristics of the device while effectively reducing the gate leakage current. However, it 

has been observed that implanting the gate oxide alone does not enable E-mode operation. 

Therefore, gate-recessed engineered T-gate E-mode HEMT with polarization doped buffer is 

the superior choice for achieving E-mode operation and a potential candidate for high-power 

millimeter-wave applications. 

The downscaling of the device has a notable impact on its DC and RF performance 

characteristics. Consequently, it becomes crucial to carefully determine the dimensions of the 

T-shaped gate structure to ensure optimal device operation. In light of this, the next chapter 

will conduct an in-depth investigation of the influence exerted by the T-gate shape on both the 

DC and RF performance of the device.  
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CHAPTER 3 
 

 Device Optimization of T-shaped Gate and 
Polarized Doped Buffer Engineered 

InAlN/GaN HEMT 
 

 

 

This chapter investigates the impact of T-shaped gate geometry on parasitic capacitance and 

RF Figure of Merits (FOMs) such as maximum oscillation frequency (fmax), gain-bandwidth 

product (GBP), cut-off frequency (fT), maximum stable and available power gain (Gms and 

Gma), maximum transducer power gain (MSG) and stability factor (k) of E-mode T-gate 

InAlN/AlN HEMT with polarization doped buffer. The simulation results show that the 

parasitic capacitances are deeply affected by the geometry of the T-gate. The less influence of 

gate-to-source capacitance (Cgs) by the drain voltage possesses constant depletion charges at 

the source side, leading to a persistent value of Cgs with drain bias. Furthermore, the 

polarization doped buffer layer is also used, which enhances the two-dimensional electron gas 

confinement by bending the conduction band upwardly convex, which effectively reduces the 

leakage current (10-8), the positive shift of Vth (0.9 V), and improves the switching ratio (108) 

as compared to GaN-buffer HEMT. The effect of gate head length (Hlength), gate stem height 

(Sheight), and gate foot length (Flength) on RF Figure of Merits (FOMs) are deeply investigated. 

The simulated results confirm that the proper choice of Hlength (280 nm), Sheight (100 nm), and 

Flength (10 nm) significantly reduced the parasitic capacitance (Cgs = 350 fF/mm and Cgd = 140 

fF/mm) and enhanced the fmax (840 GHz), GBP (636 GHz), fT (583 GHz) and also improve the 

power gains. The simulated results of the proposed device design show its applicability for 

high-performance RF/microwave applications.
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3.1 Introduction 
Silicon technology has been at the forefront of the semiconductor industry for the last two 

decades, enabling the development of advanced electronic devices such as nanowires 

(Abdelmoneam et al., 2018, Muscato et al., 2019), cylindrical gates (Auth and Plummer, 1997, 

Sarkar et al., 2012), recessed channel MOSFETs (Kumar et al., 2018), and FinFETs (Kumar 

and Chaujar, 2022). The role played by these devices in transforming the electronics sector 

cannot be overstated. They have facilitated the development of compact and powerful devices 

that consume minimal energy. Still, there is a pressing need for high power RF applications 

whose demands exceed what can be met with silicon based technology that is already at its 

maximum capacity. As the demand for higher performance and faster processing speeds 

continues to increase, researchers are exploring alternative materials and structures that can 

provide better performance than silicon-based devices. One such material is Gallium Nitride 

(GaN), which offers higher electron mobility, thermal stability, and power handling capabilities 

than silicon. GaN-based devices have the potential to provide improved efficiency and power 

density, making them suitable for high-frequency and high-power applications. 

 In recent years, AlGaN/GaN high-electron-mobility transistors (HEMTs) have received 

considerable interest as a promising contender for next-generation technology. The frequency 

range and efficiency of the next generation of cell phones must improve upon those of its 

predecessors for use in mobile communication applications. Amplifiers that can operate at 

higher frequencies and more power are also necessary for the development of satellite 

transmission and TV programs. In light of these demands, AlGaN/GaN HEMTs appear as a 

very desired choice for the utilization of microwave power in wireless communication owing 

to their remarkable features, i.e. bigger bandgap, greater breakdown voltage, strong thermal 

conductivity, and high mobility (Mishra et al., 2002). Moreover, the polarization effect in GaN 

HEMTs formed the two-dimensional electron gas (2DEG) at the interface, further enhancing 

the electron mobility and making the GaN-based device a suitable applicant for high-power 

applications. AlGaN/GaN HEMTs have already shown their applicability for high-power 

applications. To outstretch the operating frequency of GaN HEMTs for mm-wave application. 

It is important to reduce the gate length of the device to the nanometer range. Many researchers 

have published their work on different gate geometry to enhance RF performance. Such as 
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camel-shaped (Khan et al., 2013), T-shaped (Murugapandiyan et al., 2017a), and gamma-

shaped (Peroni et al., 2007) gate structures. Among all these gate structures, the T-shaped gate 

geometry is appropriate to enhance the RF performance of the device. As the T-shaped structure 

decreases, the gate resistance and gate capacitance reduces by providing a larger gate area and 

lower foot length.  

The DC and RF performance of a device are quite sensitive to the T-gate size. When the foot 

length of the T-gate is decreased to below 50 nm, issues such as high leakage current (Deng et 

al., 2019), decreased breakdown voltage (Murugapandiyan et al., 2017b), high current collapse 

(Saadaoui et al., 2020), and parasitic resistance (Cao et al., 2004) have surfaced. The DC and 

RF properties of the device might be adversely affected by these problems. Inefficient power 

dissipation and shortened device lifetimes might result from excessive leakage current. High 

current collapse may cause instability and a gradual decline in device performance, while a low 

breakdown voltage might cause device failure. Parasitic resistance, on the other hand, can limit 

the device's maximum frequency of operation, leading to reduced RF performance. Therefore, 

selecting the proper T-gate size is crucial to enhancing the device's RF performance. Improper 

T-gate size selection can never improve the device frequency parameters, and it may even 

worsen the performance of the device. 

Moreover, gate engineering is insufficient to suppress the short-channel effect (SCE). Some 

more buffer and barrier engineering is required to reduce the SCE and enhance the RF 

performance of the device. Hence to enhance the performance of the T-gate HEMT device, 

some barrier and buffer engineering has been done in the proposed structure. The conventional 

AlGaN barrier layer is replaced by the lattice-matched InAlN material with a lattice constant 

of 0.83 (Neuburger et al., 2004). Constructive buffer engineering has been done where initially 

used Fe doping (Pampili and Parbrook, 2017) is replaced by polarization-induced doping by 

changing the Al composition of AlGaN material in the buffer region. Although Fe or C doping 

in the buffer region enhances the resistivity in the buffer, it also creates deep-level acceptors 

that further increase the current collapse (Uren et al., 2012). The polarization doping in the 

buffer layer acts as a blocking layer that hinders the 2DEG in the buffer region, effectively 

enhances the breakdown voltage, and reduces the leakage current as discussed in Chapter 2. 

The collective implementation of the graded and T-gate engineering on the proposed structure 

has significantly enhanced the device's RF performance. The device's high electron mobility 

and transconductance make it ideal for millimeter-wave applications, and the changes made to 
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the barrier and buffer engineering have significantly improved the device's performance. The 

above mentioned engineering techniques collectively formed a E-mode T-gate HEMT which 

can be used in 5G communications systems, satellite communications, and radar systems.  

This chapter investigates the effect of varying the gate and drain bias on the intrinsic parasitic 

capacitances of a proposed device. Additional research is conducted to learn how varying gate 

head lengths, gate stem heights, and gate foot lengths affect the device's intrinsic capacitances. 

The capacitance properties of the device and how they vary under various situations are the 

focus of this investigation. When evaluating a device's RF performance, it is essential to look 

at its parasitic capacitances using one of many figures of merits (FOMs). Maximum oscillation 

frequency, gain-bandwidth product, cut-off frequency, maximum available power gain, 

maximum transducer power gain, and stability factor are all examples of these FOMs. overall, 

this section sheds light on key aspects of the proposed device's performance. By analyzing the 

parasitic capacitances built into the device and looking at the different FOMs, researchers may 

improve the RF performance of the device for a wide range of uses. These results have 

important implications for the future of telecommunications, wireless networks, and satellite 

communication systems, among other disciplines where RF devices are used. 

This chapter is organized as described below: In this chapter's Section II, we take a look at the 

overall design of the tool. The outcomes of the simulations are discussed in Section III of the 

chapter. These findings examine the relationship between the parasitic capacitance and 

different figures of merit (FOMs) of E-mode T-gate InAlN/AlN HEMTs with a graded buffer 

and the lengths of the gates' heads (Hlength), stems (Sheight), and foot (Flength). The conclusion of 

the chapter is presented in the final part of the chapter's summary. 

3.2 Device Structure 
Figure 3.l(a) depicted the proposed T-gate E-mode InAlN/AlN HEMT with polarized doped 

buffer /graded buffer HEMT (Graded buffer HEMT). The structural parameters of the device 

are the same as discussed in Chapter 2 in Table 2.1. The device is made up of a lattice-matched 

InAlN barrier layer, AlN spacer layer, which increases the conduction band discontinuity at 

AlN/GaN junction and enhances the 2DEG concentration, GaN channel layer, and AlGaN 

buffer layer in which aluminum composition linearly changes from 0.2 to 0 along the (0001) 

direction. The T-shaped Schottky gate consists of a Pt/Au metal stack with a smaller footprint  
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and a larger gate area. As can be seen in Figure 3.l(b), the gate head length is expressed by the 

symbol (Hlength), the gate stem height is marked by the symbol (Sheight), and the gate foot length 

is denoted by the symbol (Flength). The dimensions of the T-gate, i.e., gate head length, gate 

stem height, and gate foot length, were taken as variables to study the impact of gate geometry 

on device performance. The T-shaped structure decreases the gate resistance and gate 

capacitance by providing a larger gate area and lower foot length (Zhang et al., 2013). The 

source and drain region doped with Si of order 1019 cm-3 to reduce the contact resistance 

(Murugapandiyan et al., 2017a). The SiN layer is used to passivate the device, which reduces 

the parasitic capacitance and enhances the device's frequency parameters (Murugapandiyan et 

al., 2017b). All simulations have been performed using the ATLAS device simulator (Manual, 

2016).  

In the proposed device (graded buffer HEMT) as depicted in Figure 3.l(a) the polarization 

charge discontinuity across the heterojunction formed the fixed polarization charges. When the 

Al composition changes from the AlGaN to GaN, a negative polarization charge field is induced 

over bulk, and the induced charge density is calculated by the divergence of the polarization 

field. This polarization charge density significantly reduce the buffer leakage current as 

discussed in Chapter 2. 

 

                                

Fig. 3.1 (a) Proposed T-gate InAlN/AlN/ graded buffer HEMT (b) T-gate structure. 
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3.3 Results and Discussion 
3.3.1 DC Characteristics 
 This subsection focuses on the transfer and electrical performance of proposed (Graded 

buffer-HEMT) and conventional (GaN buffer-HEMT) devices. The results show that the 

proposed device has a lower drain current and leakage current than the conventional device, 

as seen in Figure 3.2(a, b). This reduction in leakage current is attributed to the polarization-

 

Fig. 3.2 Drain current density (a) Linear scale (b) Log scale for GaN-buffer-HEMT and Graded-buffer-

HEMT. 

                        

Fig. 3.3 (a) threshold voltage (b) Ion/Ioff ratio for GaN-buffer-HEMT and Graded-buffer-HEMT. 
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doped buffer, which improves the Ion/Ioff ratio for the graded buffer HEMT as depicted in 

Figure 3.3(a). The presence of a negative polarization field in the graded buffer region also 

enhances the 2DEG confinement and gate controllability, which shifts the threshold voltage 

positively by 0.9 V as shown in Figure 3.3(b). Additionally, the proposed device exhibits a 

higher transconductance peak of 1.55 S/mm, which is about 23% better than the conventional 

device, as shown in Figure 3.4. The graded buffer HEMT also displays a sharp change in 

transconductance at the pinch-off region, which results in a lower subthreshold current in the 

device. The simulation results are also compared and presented in Table 3.1. The proposed 

device demonstrates superior electrical performance compared to the conventional device, 

making it an excellent candidate for high-frequency and high-power applications. 

3.3.2 Effect of Gate Foot Length (Flength)                

This subsection investigates the impact of the gate foot length on the parasitic capacitance, RF, 

and Microwave characteristics of the proposed device. Figure 3.5(a-d) exhibits the parasitic 

capacitance (Cgs and Cgd) dependency on Flength for drain voltage 1 V to 3 V as a function of 

                   

Fig. 3.4 Transconductance characteristics for GaN-buffer-HEMT and Graded-buffer-HEMT. 

TABLE 3.1 

Comparison of Device Performance  

Device Id (A/mm) Ioff (A/mm) gm (S/mm) Vth (V) Ion/Ioff 

GaN Buffer 

HEMT 
3.48 10-3 1.26 -2 104 

Graded Buffer 

HEMT 
2.56 10-8 1.55 0.9 108 

 

 



Chapter 3: Device Optimization of T-shaped gate…… 

Megha Sharma                                                                                                                                     61 

 

gate bias. The parasitic capacitance (Cgs and Cgd) Vs gate bias relationship is shown for Flength 

= 10 nm in Figure 3.5 (a). Cgs and Cgd are seen increasing slowly with increasing gate voltages. 

However, at higher gate bias, there is a rapid rise in Cgs and Cgd due to the enhanced lateral 

electric field, which promotes carrier movement from the drain to the source side. Additionally, 

an interesting observation is that as the drain voltage increases from 1 V to 3 V, both Cgs and 

Cgd start to decrease. Notably, the decrease in Cgd is more significant compared to the gate-to-

source capacitance. This discrepancy is attributed to the increase in drain voltage, which results 

in a reduction of the depletion layer near the drain end. Figure 3.5 (b) shows the parasitic 

characteristics for Flength = 20 nm. It has been observed that as the Flength increases from 10 nm 

 

                          

                             

Fig. 3.5. Parasitic capacitance of proposed device for (a) Flength 10 nm (b) Flength 20 nm (c) Flength 30 nm (d) 

Flength 40 nm for Vds 1 V to 3 V. 
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to 20 nm the Cgs and Cgd increases to 427 fF/mm and 153 fF/mm at Vds = 3V and Vgs = 1.8V 

which is 22% and 9% higher than the 10 nm gate length. Figure 3.5 (c, d) further shows that 

as the Flength increases to 30 nm and 40 nm parasitic capacitance increases. This enhancement 

in parasitic capacitance with an increase in Flength is due to the redistribution of an electric field 

at the edges of the gate foot. The variation of cut-off frequency (fT) for different Flength is 

depicted in Figure 3.6(a), and the mathematical expression for the fT is expressed in Chapter 

2, Equation 2.9 (Kumar and Chaujar, 2021). The reduction of Flength from 40 nm to 10 nm 

enhances the fT by about 72 %. This enhancement in fT value for lower Flength is due to the 

decrement of parasitic capacitance with Flength. This enhancement in cut-off frequency makes 

the proposed device suitable for millimeter-wave applications. Another capacitance-dependent 

parameter is the gain-bandwidth product (GBP), which measures the amplifier’s gain and 

bandwidth. The maximal gain of the device is represented by the peak value of GBP at a 

specific frequency. The mathematical expression for the GBP is shown in Equation 3.1 (Gupta 

et al., 2020).  

𝐺𝐺𝐺𝐺𝐺𝐺 =  
𝑔𝑔𝑚𝑚

2π 𝐶𝐶𝑔𝑔𝑔𝑔
                                                                                                                                   (3.1) 

The variability in GBP against gate bias is shown for various Flength in Figure 3.6(b). The value 

of GBP is seen to increase with gate bias at first, reaching a maximum at Vgs= 1.5V, then 

declining with increasing gate bias. This decrease is primarily attributable to the increase in 

capacitance at increasing gate bias. Furthermore, a higher value of GBP is reported for Flength= 

 

        
Fig. 3.6. Comparison of (a) fT (b) GBP (c) Cgs and Cgd for variable Flength. 
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10 nm, which is 88% greater than Flength= 40 nm. The increase in GBP value with decreasing 

gate length is due to the reduction in parasitic capacitance with gate length. 

Capacitance versus frequency characteristics for various gate length is displayed in Figure 3.7. 

In the low-frequency range, it was noted that the capacitance was almost unaffected by the 

frequency; on the other hand, a decrease in capacitance was observed for the high-frequency 

range. Interface trap charges are present in the heterostructure, and they are responsible for the 

capturing and releasing of electrons, as well as the generation of interface trap capacitance at 

lower frequencies. Because of this, when the frequency is high, they no longer respond to the 

AC signal, and the interface trap capacitance becomes zero; this results in a significant decrease 

in capacitance. This further proved that the reduction of Flength reduces the parasitic capacitance. 

Thus, the best results are obtained at Flength = 10 nm. The microwave properties of graded buffer 

HEMT for variable Flength are shown in Figure 3.8. These analyses are also known as small-

signal analyses as they require a small input signal for the characterization. Figure 3.8(a) and 

Figure 3.8(b) exhibit the variation of current gain (h21) and unilateral power gain (U) with 

frequency for different Flength. The mathematical expression of current gain and unilateral power 

gain in terms of S-parameters is depicted in Chapter 2, Equation 2.5, 2.6 (Malik et al., 2012). 

The device’s fT and fmax are obtained at which current gain and unilateral power gain become 

unity. The inset bar graph of Figure 3.8(a, b) exhibits the fT and fmax for different Flength. The 

higher value of fT (523 GHz) and fmax (840 GHz) is observed for the Flength =10 nm, which is 

45 % and 20 % higher than the Flength= 40 nm. This enhancement is basically due to the 

reduction of parasitic capacitance (Cgs and Cgd) with gate length, as shown in Figure 3.5. The 

                   

Fig. 3.7 Comparative analysis of gate to source (Cgs) and gate to drain capacitance (Cgd) for variable Flength. 
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reduction in parasitic capacitance with the reduction of Flength is due to the redistribution of an 

electric field at the edges of the gate foot. The effect of Flength on the device's maximum stable 

and available power gain Gms and Gma are shown in Figure 3.8(c). For RF amplifier design, 

the study of Gma and Gms is important. Figure 3.8(c) depicted that scaling Flength to 10 nm 

enhances the Gma and Gms by 50 % and 40 %. The rollett stability factor (K > 1) is the 

sufficient condition for the device’s stability, the expression of K is discussed in Chapter 2, 

Equation 2.8 (Lenka et al., 2013). The stability factor and MSG for different Flength are shown 

in Figure 3.8(d). A 20 % improvement in MSG is observed when the Flength is reduced to 10 

nm, whereas a high stability factor is observed for 40 nm Flength. The stability factor for 10 nm 

Flength is K > 1 for high frequency and K < 1 for low frequency, which is suitable for designing 

the amplifier. The impact of Flength on device performance is tabulated in Table 3.2. It has been 

observed that a reduction in gate length from 40 nm to 10 nm leads to a remarkable decrease 

 

                    

               

Fig. 3.8. Variation of (a) Current gain (b) Unilateral gain (c) Gma and Gms (d) MSG and Stability factor 

for different Flength. 
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in parasitic capacitance (Cgs and Cgd). This reduction in parasitic capacitance exerts a 

significant positive influence on key RF performance parameters including fT, Fmax, and GBP, 

resulting in a notable enhancement of the device's overall RF performance. Therefore, based 

on these noteworthy findings, it can be concluded that a gate length of 10 nm is more favorable 

for achieving superior RF performance. 

3.3.3 Effect of Gate Stem Height (Sheight)    
This subsection investigates the impact of the gate stem height of the proposed structure on the 

parasitic capacitance, RF, and Microwave characteristics of the device. Figure 3.9(a-d) 

investigates the impact of Sheight on the parasitic capacitances. It has been observed that as the 

stem height increases from 20 nm to 100 nm, the parasitic capacitance decreases. The increase 

in the gate stem height of the device causes an increase in the distance between the gate-source 

and the gate-drain, which results in a decrease in the parasitic capacitance of the device. The 

graph of parasitic capacitance versus gate voltage for Sheight 20, 50, and 100 nm are shown in 

Figure 3.9(a, b). The 125 % and 167 % reduction of Cgs and Cgd are observed for increasing 

the Sheight from 20 nm to 100 nm. Moreover, the variation of parasitic capacitance with 

frequency is shown in Figure 3.9(c, d). This further proved that the increment of Sheight reduces 

the parasitic capacitance.  

Figure 3.10(a, b) illustrates how the cut-off frequency and gain-bandwidth product change in 

response to changes in gate voltage. The increment in Sheight to 100 nm enhances the fT and GBP 

by about 147 % and 132 %. This improvement in fT and GBP parameters is due to the significant 

reduction in parasitic capacitance. The impact of Sheight on microwave performance is shown in 

Figure 3.11(a-d). The impact of Sheight on current gain and unilateral gain is depicted in Figure 

3.11(a, b).The calculated value of fT and fmax at which current gain and unilateral gain become 

TABLE 3.2 

Comparison of Device Performance for Variable Gate Foot Length  

Flength (nm) Cgs (fF/mm) Cgd (fF/mm) fT (GHz) GBP (GHz) fmax (GHz) 

10 350 140 583 686 840 

20 427 153 525 580 810 

30 484 161 465 464 790 

40 539 166 400 364 700 
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unity is portrayed by the inset bar graph of Figure 3.11(a, b). The 160 % and 142 % 

enhancement of fT and Fmax is observed when Sheight increases to 100 nm. In Figure 3.11(c), the 

304 % and 88 % enhancement in Gma and Gms is observed on increasing the Sheight from 20nm 

to 100 nm. The maximum stable gain and stability factor for different Sheight is depicted in 

Figure 3.11(d). Increment in Sheight further improves the maximum stable gain by about 239 %. 

The stability factor for Sheight 100 nm in the cut-off frequency range is 1.08, which shows the 

stable frequency operation in the device. Table 3.3 summarizes the effects of Sheight on device 

performance. Through observations, it has been determined that an increase in gate stem height 

from 20 nm to 100 nm results in a notable decrease in parasitic capacitance (Cgs and Cgd). This 

reduction in parasitic capacitance has a significant positive impact on RF performance 

parameters such as fT, Fmax, and GBP, consequently enhancing the overall RF performance of 

the device. Consequently, based on these findings, it can be concluded that a Sheight of 100 nm 

is more conducive to achieving superior RF performance.  

 

       

Fig. 3.9. Impact of Sheight on (a) Cgs (b) Cgd with gate bias (c) Cgs (d) Cgd with frequency  
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Fig. 3.10. Impact of Sheight on (a) fT (b) GBP with gate bias  

 

 

 

                      

                 

Fig. 3.11. Variation of (a) Current gain (b) Unilateral gain (c) Gma and Gms (d) MSG and Stability factor 

for different Sheight  
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3.3.4 Effect of Gate Head Length (Hlength) 
This subsection investigates the impact of the gate head length of the proposed structure on the 

parasitic capacitance, RF, and Microwave properties of the device. Figure 3.12(a-d) 

investigates the impact of Hlength on the parasitic capacitances. A parallel decrease in parasitic 

TABLE 3.3 
Comparison of Device Performance for Variable Gate Stem Height  

Sheight (nm) Cgs (fF/mm) Cgd (fF/mm) fT (GHz) GBP (GHz) fmax (GHz) 

20 788 374 224 292 346 

50 424 158 460 570 741 

100 350 140 583 686 840 

 

 

 

 

             

Fig. 3.12. Impact of Hlength on (a) Cgs (b) Cgd with gate bias (c) Cgs (d) Cgd with frequency. 

 

     

    

 



Chapter 3: Device Optimization of T-shaped gate…… 

Megha Sharma                                                                                                                                     69 

 

capacitance has been observed as Hlength is reduced from 600 nm to 280 nm. This is because 

the increase in Hlength regulates the depletion layer by providing a consistent electric field 

distribution below the gate edges. Because of the redistribution of the electric field at the gate 

edges, the channel depletion length is suppressed and lengthened, which consequently 

increases capacitance. Figure 3.12(a, b) exhibit the graph of parasitic capacitance with gate 

voltage for Hlength 280, 400, and 600 nm. It has been observed that Cgs and Cgd increase 

gradually at low gate voltage but rapidly at high gate bias due to an increase in the lateral 

electric field that speeds up the movement of carriers from the drain to the source. The 2.8 % 

and 25 % reduction of Cgs and Cgd is observed for reducing the Hlength from 600 nm to 280 nm. 

Furthermore, the variation of parasitic capacitance with frequency is shown in Figure 3.12(c, 

d).  

Figure 3.13(a, b) illustrate how the cut-off frequency and the gain-bandwidth product change 

as a function of the gate bias for different Hlength. The decrement in Hlength to 280 nm enhances 

the fT and GBP by about 9.5 % and 2.5 % due to the significant reduction of parasitic 

capacitance with Hlength. The impact of Hlength on microwave performance is shown in Figure 

3.14(a-d). The less impact of Hlength on h21 and unilateral gain is observed in Figure 3.14(a, b). 

The calculated value of fT and fmax at which current gain and unilateral gain become unity is 

portrayed by the inset bar graph of Figure 3.14(a, b). The 9.5 % and 7.5 % enhancement of fT 

and fmax is observed when Hlength decreases to 280 nm. In Figure 3.14(c), a small enhancement 

in Gma and Gms is observed on increasing the Hlength from 600 nm to 280 nm. A minor 

improvement is observed in maximum stable gain and stability factor for different Hlength shown 

 

                  

Fig. 3.13. Impact of Hlength on (a) fT (b) GBT with gate bias. 
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in Figure 3.14(d). The impact of Hlength on device performance is tabulated in Table 3.4. 

Observations reveal that as the Hlength decreases from 600 nm to 280 nm, there is a noticeable 

reduction in parasitic capacitance (Cgs and Cgd). This reduction in parasitic capacitance leads 

to significant improvements in key RF performance metrics such as fT, Fmax, and GBP, 

subsequently enhancing the device's RF performance. Based on these findings, it can be 

 

                           

                   

Fig. 3.14 Variation of (a) Current gain (b) Unilateral gain (c) Gma and Gms (d) MSG and Stability factor 

for different Hlength . 

 

TABLE 3.4 

Comparison of Device Performance for Variable Gate Head Length  

Hlength (nm) Cgs (fF/mm) Cgd (fF/mm) fT (GHz) GBP (GHz) fmax (GHz) 

280 350 140 583 686 840 

400 358 152 562 678 814 

600 363 176 532 668 781 
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concluded that a Hlength of 280 nm is more suitable for achieving superior RF performance. 

Table 3.5 provides a thorough comparison of the results obtained from our proposed device 

and the findings reported in published work. Results indicate that our proposed device has 

greater performance over a wide range of parameters in comparison to the results that have 

been published.  

3.4 Summary 

In this chapter, the proper structure of a T-gate InAlN/AlN/graded buffer HEMT along with its 

influence on the device's parasitic capacitance, RF performance, and microwave performance 

were investigated. The results of the simulation verified that increasing Hlength to 280 nm, 

decreasing Flength to 10 nm, and increasing the increment of Sheight to 100 nm greatly decreased 

TABLE 3.5 
Comparison of proposed structure with simulated published papers on T-gate HEMT  

Reference Lg 
Id 

(A/mm) 

Cgs 

(fF/mm) 
Cgd (fF/mm) fT (GHz) 

fmax 

(GHz) 

(Murugapandiyan 

et al., 2017c) 

20 

nm 
2.6 258 511 343 236 

(Murugapandiyan 

et al., 2017a) 

30 

nm 
2.1 - - 350 340 

(Murugapandiyan 

et al., 2017d) 

30 

nm 
2.4 434 173 246 290 

(Zine-eddine et 

al., 2019) 

10 

nm 
2.5 315 121 524 758 

(Murugapandiyan 

et al., 2020) 

30 

nm 
2.7 572 84 426 366 

(Four and 

Kameche, 2020) 

30 

nm 
0.6 - - 50 150 

This work 
10 

nm 
2.5 350 140 583 840 
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the Cgs by 2.8%, 125%, and 54%, and Cgd to 25%, 167%, and 18%. This contributes to an 

increase in the value of the GBP and fT of 2.5%, 132%,88%, 9.5%, 160%, and 72% 

respectively. It has also been discovered that fmax increases with a variety of power 

advancements, which is evidence that the device requires suitable gate geometry optimization. 

The findings of the simulation lead one to the additional conclusion that the stem height of the 

gate has a significant impact on both the parasitic and RF performance. Therefore, an 

InAlN/AlN T-gate with a graded buffer HEMT that has a Flength equal to 10 nm, a Sheight equal 

to 100 nm, and a Hlength equal to 280 nm is an applicant that is suited for use in RF and 

microwave applications. 

Moreover, noise and scattering parameters are critical in determining the overall performance 

of a device. The noise parameters are important because they determine the amount of noise 

that is present in the signal as it passes through the device. On the contrary, the scattering 

parameters determine the magnitude of power dissipated during the transmission of the signal 

across the device. Subsequently, the next chapter of the thesis will investigate the impact of 

polarization-doped buffer engineering on the noise and scattering characteristics of T-gate 

HEMTs. The investigation will aim to determine how the changes in buffer engineering impact 

the noise and scattering parameters, and whether the changes are beneficial or detrimental to 

the device performance. 
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CHAPTER 4 
 

Small Signal and Noise Behavior of T-Gate 
E-Mode HEMT with Polarization Induced 

Doped Buffer  
 

 

 

This chapter investigates the small signal and noise behavior of T-gate E mode HEMT with a 

polarization-doped buffer. The polarization-induced doping in the buffer layer bent the 

conduction band upwardly convex, which enhanced the 2DEG confinement, reduced the buffer 

leakage current, and significantly enhance the transconductance (1.55 S/mm). The increment 

in transconductance leads to a reduction in the reflection coefficient (S11, S22) and an 

improvement in the transmission coefficient (S21) as compared to GaN buffer HEMT. 

Furthermore, noise parameters such as auto/cross-correlation factor, minimum noise figure, 

noise conductance, and optimal noise resistance and reactance were also evaluated for the 

proposed device. Simulated results reveal that the proposed device has a lower noise figure 

and noise conductance than the GaN buffer HEMT by 57% and 20%, respectively. This 

research demonstrates that the T-gate polarization doped buffer (PDB-HEMT) structure is an 

excellent choice for Low Noise Amplifiers (LNA) operating at higher frequencies. 
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4.1  Introduction 
In recent years, numerous nations have been making concerted efforts to commercialize 

millimeter-wave (mm-Wave) fifth-generation (5G) new radio (NR) communication in an effort 

to better manage the exponential growth in mobile data traffic. As a result, a significant amount 

of research has been carried out in order to develop and ensure the viability of solutions that 

are high-performing, low-cost, and highly dependable in preparation for the wide-scale 

implementation of 5G base stations (Hossain and Hasan, 2015). In point of fact, the mm-Wave 

5G NRs of the future will implement enormous multiple-input multiple-output (MIMO) 

technology, which will make use of a phased-array antenna configuration. Therefore, there is a 

significant demand for high radio frequency (RF) and low noise amplifiers for a modern 

wireless communication system.  

Low Noise Amplifiers (LNAs) are the foundation of any wireless network. The signal-to-noise 

ratio of a weak transmission can be preserved by using a low-noise amplifier, which is an 

electrical amplifier. Both the data and the noise at the amplifier's input will be amplified, but 

the amplifier will also introduce some new noise. The purpose of LNAs is to reduce this 

background disturbance. Extra noise can be kept to a minimum by designers opting for low-

noise components, working points, and circuit designs. Power gain and impedance matching 

are two other design objectives that need to be balanced with reducing unwanted noise. There 

are a variety of applications for LNAs, including electrical diagnostic tools, medicinal devices, 

and wireless transmission systems. In some cases, a standard LNA can provide a power increase 

of 100 (20 dB) while simultaneously reducing the signal-to-noise ratio by less than a factor of 

two (3 dB NF). Although low-noise amplifiers are mainly concerned with feeble signals just 

above the noise level, bigger signals that produce intermodulation interference must also be 

taken into account. 

Regarding LNA design, there are four key considerations: gain, noise figure, non-linearity, and 

impedance matching. One of the most critical aspects of a low-noise amplifier's performance is 

its noise figure (Mohanbabu et al., 2017). Thus, we can determine which LNA best suits a 

certain application. When a Low Noise Amplifier does not have a high gain, noise in the LNA 

circuit might impact the signal and even attenuate it. Gain and noise figures are balanced via 

input-matching circuits. Through the use of scattering parameter analysis, the circuit's gain, 

noise figure, and stability circle were all calculated. The initial stage of the amplifier must have 



Chapter 4: Small Signal and noise behavior of T-Gate E-Mode HEMT…… 

Megha Sharma                                                                                                                                     78 

 

a high amplification level to reduce the amount of noise. 

AlGaN/GaN high-electron-mobility transistors (HEMTs) have recently gained a significant 

amount of attention as a potential candidate for the technology of the next generation. When it 

comes to mobile communication applications, the next generation of cell phones needs to have 

both a wider frequency and better effectiveness than their predecessors. In light of these 

requirements, AlGaN/GaN HEMTs emerge as a highly desirable option for the use of 

microwave power in wireless communication due to their extraordinary properties. 

AlGaN/GaN HEMTs have been the subject of several studies (Mishra et al., 2002, Sano et al., 

2018) due to their usefulness in high RF applications. AlGaN/GaN HEMT (Liu et al., 2022, 

Chen et al., 2022), together with its low noise and high power microwave performance, as well 

as its high current drive capabilities, drew attention to its use in low noise applications. In the 

context of wideband robust receiver applications, various AlGaN/GaN HEMT-based LNAs 

were created (Kobayashi, 2012, Moon et al., 2016). GaN HEMTs have made significant 

progress in their development for usage in LNAs, with results showing NFmin values of 1.6 dB 

at 30 GHz (Sun et al., 2009) and 1.2 dB at 20 GHz (Chang et al., 2010) when using a gate 

length of 100 nm. Shinohara et al., 2013, reported a good NFmin of around 0.5 dB at 30 GHz, 

which exhibited the cut-off frequency (fT) of 400 GHz and maximum oscillation frequency 

(fmax) of 500 GHz using 20-nm T-gate AlGaN/GaN HEMTs. 

However, AlGaN/GaN HEMT also faces a number of difficulties that prevent it from being 

widely used. The primary roadblock that AlGaN/GaN HEMT faces is its strain problem, which 

is caused by the lattice mismatch at the interface of GaN/ AlGaN. As described in Chapter- 1 

(Ambacher et al., 2000), the polarization discontinuity at the interface barrier-layer / buffer of 

the AIGaN/GaN HEMT forms a highly mobile sheet charge serving as the channel charge. This 

charge is caused by piezo and spontaneous polarization, respectively. The polarization 

discontinuity of standard AIGaN/GaN-HEMTs, which incorporates piezo and random 

components, is proportional to the aluminium concentration in the barrier layer. Either the 

aluminium content of the barrier layer needs to be increased, or modulation doping needs to be 

used in order to achieve the desired increase in sheet charge density and subsequent increase in 

maximum DC-output current. 

However, excessive Al concentration increases strain and degrades the material quality. In this 

contribution, an InAIN layer is used in place of an AlGaN barrier layer, which results in the 
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formation of a new layer structure. The greater spontaneous polarization of InAIN in 

comparison to AlGaN (Kuzmik, 2001) makes this layer structure capable of producing 

theoretically higher sheet charge concentrations. The HEMTs that are based on InAlN and AlN 

make it possible for the device to scale aggressively, which increases the fT and decreases the 

short-channel impact (Sun and Benedickter, 2010). Though the InAlN/AlN T-Gate HEMTs 

claimed to have numerous benefits, they also had one significant drawback: 2DEG spilling 

from the channel into a buffer, which lowers the device's mobility and reliability (Khan et al., 

1992). Therefore, the performance of InAlN HEMTs has to be made more resilient by 

implementing creative buffer engineering. Polarization doping, which may be achieved by 

grading the AlGaN layer, has recently gained popularity and is seen as a superior option (Jena 

et al., 2002). The researchers have also adapted another technique, which involves increasing 

the resistivity of the buffer layer by doping it with either iron (Fe) or carbon (C) acceptors 

(Pampili and Parbrook, 2017). On the other hand, these dopants cause the generation of deep-

level acceptors in the layer, which results in a current collapse (Uren et al., 2012). Therefore, 

polarization doping produced by grading the AlGaN layer has been regarded as a superior 

option. Because of the polarization-induced doping in the buffer, the potential can be bent 

upwardly convex. This increases the resistivity in the buffer layer without any intentional 

doping, which significantly reduces the buffer leakage current, improving the pinch-off voltage 

and microwave performance of the device. 

To outstretch the operating frequency of GaN HEMTs for mm-wave application. It is important 

to reduce the gate length of the device to the nanometer range. The T-shaped gate geometry is 

appropriate to enhance the RF performance of the device by providing a larger gate area and 

lower foot length as discussed in Chapter 3.  

Thus, with an anticipation of the combined advantages of the InAlN barrier layer, polarization-

doped buffer layer, and T-shaped gate geometry. The small signal and noise behavior of the 

proposed device structure i.e., E-mode T-gate InAlN/AlN HEMT with polarization-doped 

buffer/graded buffer (PDB-HEMT) has been examined in this chapter. Measurements of a 

HEMT's S-parameters offer the best approach for analysing the small-signal behavior of the 

device when it is subjected to high frequencies. S-parameters are utilized most frequently by 

networks that operate at radio frequency and microwave frequencies because it is simpler to 

calculate signal power and energy analysis at these frequencies than it is to determine voltages 

and currents. Since it is very challenging to determine current and voltage at high frequencies. 
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At high frequencies, it is difficult to create a short circuit or an open circuit. As a consequence 

of this, microwave engineers deal with S-parameters, which utilize waves and matched 

terminations (50ῼ). This strategy reduces the impact of reflection issues as well (Liou and 

Schwierz, 2003). Additionally, it has been observed that reducing the gate length below 50 nm 

lead to enhancement of the short channel effect. In order to overcome scaling limitations, 

polarization-doped buffer engineering has been implemented in the proposed structure which 

reduced the buffer leakage current, enhanced microwave performance, and reduced noise, and 

provide new opportunities for low-noise applications.  

The following outline constitutes this chapter's structure: The first section of this chapter 

provides an overview of the device construction. The later part of the chapter discusses the 

results obtained through simulation. These results include the scattering parameters and noise 

parameters such as auto/cross-correlation factor, minimum noise figure, noise conductance, and 

optimal noise resistance and reactance of E-mode T-gate InAlN/AlN HEMTs with polarization 

doped buffer. The conclusion of the chapter is presented in the final part of the chapter's 

summary. 

4.2 Device Structure 

                  

Fig. 4.1 (a) GaN buffer HEMT(GaN-HEMT) (b) polarization doped buffer HEMT(PDB-HEMT) (Sharma 

et al., 2023). 
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Figure 4.1(a, b) depicted the conventional GaN-HEMT and proposed PDB-HEMT's schematic 

structure. The dimensions of both devices are the same. The structural parameters of the device 

are the same as discussed in Chapter 2 in Table 2.1. The device is made up of a lattice-matched 

InAlN barrier layer, AlN spacer layer, which increases the conduction band discontinuity at 

AlN/GaN junction and enhances the 2DEG concentration, GaN channel layer, and AlGaN 

buffer layer in which aluminum composition linearly changes from 0.2 to 0 along the (0001) 

direction. The T-shaped Schottky gate consists of a Pt/Au metal stack with a smaller footprint 

and a larger gate area. The T-shaped structure decreases the gate resistance and gate 

capacitance by providing a larger gate area and lower foot length (Zhang et al., 2013). The 

source and drain region doped with Si of order 1019 cm-3 to reduce the contact resistance 

(Murugapandiyan et al., 2017a). The SiN layer is used to passivate the device, which reduces 

the parasitic capacitance and enhances the device's frequency parameters (Murugapandiyan et 

al., 2017b). All simulations have been performed using the ATLAS device simulator (Manual, 

2016).  

In the proposed device PDB-HEMT as depicted in Figure 4.1(b) the polarization charge 

discontinuity across the heterojunction formed the fixed polarization charges. When the Al 

composition changes from the AlGaN to GaN, a negative polarization charge field is induced 

over bulk, and the induced charge density is calculated by the divergence of the polarization 

field, which changes along the growth direction. This polarization charge density significantly 

reduce the buffer leakage current as discussed in Chapter 2. 

4.3 Results and Discussion 
In this section we have investigated the small signal and noise behavior of proposed polarization 

doped buffer HEMT (PDB-HEMT) and GaN-buffer HEMT (GaN-HEMT). The DC 

characteristics of both devices are exhibited in Figure 4.2. The lower drain current density, 

positive shift in threshold voltage, and higher transconductance value is observed for PDB-

HEMT as discussed in Chapter 3. Figure 4.2 shows that PDB-HEMT has E-mode 

characteristics and GaN-HEMT has D-mode characteristics. Hence for a fair comparison, we 

have investigated the small signal and noise behavior at Vgs= 1.4 V for PDB-HEMT and  

Vgs= 1.8 V for GaN-HEMT. These voltages are taken into consideration because a peak of 

transconductance has been observed in these voltages. Therefore, we have investigated the 

small signal and noise behavior on these voltages throughout the chapter.  
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4.3.1 Small Signal Analysis 
In this subsection, we have focused on the small signal behavior of the proposed PDB-HEMT 

and also compared the simulated result with the GaN-HEMT. One of the greatest ways to look 

into the high-frequency small-signal behavior of HEMTs is via measurements of their S-

parameter. Networks that operate at microwave frequencies often use S-parameters because it 

is simpler to compute signal power and energy at radio and microwave frequencies than currents 

and voltages. The S parameters are based on the assumption that the incident and reflected 

waves on a transmission line may be decomposed into voltage and current at each port, 

respectively. 

  

Fig. 4.3 Representation of two port network with the set of incident and reflected parameters (a1, b1) and 

(a2, b2) (Hasirci et al., 2018). 

              

Fig. 4.2 Comparative analysis of drain current and transconductance for GaN-HEMT and PDB-HEMT 

(Sharma et al., 2023). 
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The S parameters provide information about the behavior of an input wave when it interacts 

with a specific port. This input signal may be reflected at that port or it may be transmitted 

through the system to the output port. Therefore, S parameters are used to characterize the 

amount of the wave that travels along each of these trajectories. The S parameter of an N-port 

network consists of an N/N matrix where each matrix element describes a possible trajectory 

for a voltage wave incident on a port, either reflecting out that same port or transmitting through 

another port. Figure 4.3 shows the two-port network system. There are two different sets of 

parameters that represent the incident and reflected waves for the two-port network at terminals 

1-1' and 2-2', respectively. These sets of parameters are (a1, b1) and (a2, b2). As a consequence 

of this, the scattering parameters of the two-port network may be described in terms of the 

incident and reflected parameters as follows (Kumar et al., 2018):  

Parameter S11 in Equation 4.1 is the input reflection coefficient, whereas S21 represents 

forward transmission, S12 is the reverse transmission, and S22 is the output reflection 

coefficient. Each of the four scattering parameters is written as a ratio of the reflected to 

incident parameters. When a1 and a2 are equal to zero then the reference impedance of port 1 

and port 2 is equal to the terminating impedance. The reflection coefficient evaluates the 

matching between the terminating impedance and the port. For RF circuit design, matching 

is required, and a perfectly matching condition occurs when the reflection coefficient reduces 

to zero (Gupta and Chaujar, 2016). Hence, a lower value of S11 and S22 is required for better 

RF performance. In Figure 4.4(a, b), the lower value of S11 and S22 is obtained for the PDB-

HEMT. The reduction of the S11 parameter in PDB-HEMT is due to the reduction of source 

resistance and gate resistance in PDB-HEMT, which is 27.7% and 67.6% lower than the GaN-

HEMT as shown in Figure 4.5(a, b). The lower value of gate and source resistance increases 

the coupling between the input and output port and decreases the S11 parameter. The higher 

value of drain resistance, transconductance, and lower channel resistance reduce the S22 

parameter. However, in PDB-HEMT lower drain resistance is observed which is 13% lower 

than the GaN-HEMT as exhibited in Figure 4.5(c), and higher channel resistance is observed 

which is 7% higher than the GaN-HEMT as shown in Figure 4.7(b), which lead to increase 

𝑆𝑆11 =  
𝑏𝑏1
𝑎𝑎1

 ,𝑎𝑎2 = 0                                𝑆𝑆12 =  
𝑏𝑏1
𝑎𝑎2

 ,𝑎𝑎1 = 0 

                                                                                                                                                      (4.1) 

𝑆𝑆21 =  
𝑏𝑏2
𝑎𝑎1

 ,𝑎𝑎2 = 0                                𝑆𝑆22 =  
𝑏𝑏2
𝑎𝑎2

 ,𝑎𝑎1 = 0 
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the S22 parameter, but the higher transconductance is observed in Figure 4.5(d) which is 

30% higher than the GaN-HEMT and reduced the S22 parameter. 

The amount of feedback an amplifier receives from its output to its input is measured by the 

reverse isolation parameter S12, which affects the amplifier's supremacy in terms of its stability 

at high frequencies. The magnitude and phase change of the forward and reverse transmission 

coefficients (S21, S12) for both devices is exhibited in Figure 4.6(a, b). For better RF 

performance, the S21 parameters should be high and the S12 parameter should be as low as 

possible to reduce the feedback of the output signal to the input port. Figure 4.6(a) shows the 

improvement in the S21 parameter for PDB-HEMT which is 69% higher than the GaN-HEMT. 

This enhancement is due to the polarization-doped buffer engineering in the proposed  

                   

Fig. 4.4 (a) Input reflection coefficient S11 (b) Output reflection coefficient S22 for GaN-HEMT and PDB-

HEMT (Sharma et al., 2023). 

                  

 

Fig. 4.5 Bar graph of (a) Source resistance (b) Gate resistance (c) drain resistance (d) Transconductance 

for GaN-HEMT and PDB-HEMT (Sharma et al., 2023). 
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 structure. The polarization-doped buffer engineering caused a negative polarization field in the 

buffer, which limited the electrons to a shallower depth range and enhanced gate controllability. 

Because of this, the transconductance increases, which ultimately leads to an improvement in 

the S21 parameter. However small increment in the S12 parameter is also observed for PDB-

HEMT which is 8% higher than the GaN-HEMT as shown in Figure 4.6(b). 

Figure 4.7(a, b) exhibit the graph of parasitic capacitance i.e., gate-to-source capacitance 

(Cgs), gate-to-drain capacitance (Cgd), and gate capacitance (Cgg) for both devices. The lower 

value of parasitic capacitances is observed for PDB-HEMT which enhances cut off frequency 

and maximum oscillation frequency of the device. Figure 4.7(b) exhibits the graph of channel 

resistance for both devices. It has been observed that in PDB-HEMT channel resistance 

increases by 7% as compared to GaN-HEMT.  

                   

Fig. 4.6 (a) Forward transmission coefficient S21 (b) Reverse transmission coefficient S12 for GaN-HEMT 

and PDB-HEMT (Sharma et al., 2023). 

               

Fig. 4.7 Variation of (a) gate to drain and source capacitance (b) gate capacitance and channel resistance 

for GaN-HEMT and PDB-HEMT (Sharma et al., 2023). 
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This enhancement of channel resistance is due to the lower 2DEG density in PDB-HEMT. 

However, enhancement in channel resistance adversely affects the fmax of the device but a 

higher value of transconductance and lower parasitic capacitance overcome this effect. When 

the device's current and unilateral power gain are both unity, the device's fT and fmax are 

calculated. The PDB -HEMT's fT (583 GHz) and fmax (840 GHz) are displayed in Figure 

4.8(a, b), and they are 40% and 75% more efficient than the conventional device. 

4.3.2 Noise Analysis 
The two-port noisy network is often required to investigate internal sources of noise (Van, 

1969), as seen in Figure 4.9. It is possible to replace a linearly noisy two-port network with a 

noise-free network having a noise current and voltage source. There is a correlation between 

these two noise sources in real devices (Hartmann and Strutt, 1973). The noise parameters of 

the general circuit are obtained from the measurement conducted on two-port networks. The 

                   

Fig. 4.8 Variation of (a) current gain (b) unilateral power gain for GaN-HEMT and PDB-HEMT (Sharma 

et al., 2023). 

              

Fig. 4.9 The equivalent noise circuit (Sharma et al., 2023). 
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noise performance of the PDB-HEMT is examined with the help of the two port circuits by 

using the following parameters: NFmin (the least noise figure), the noise conductance (Gn), 

optimum source impedance (Zopt), and the auto/cross-correlation function. The optimum source 

impedance (Zopt) is the impedance that gives the minimum noise figure (Gupta et al., 2022). 

Zopt is a complex number that has both real and imaginary values, as expressed in Equation 4.2 

𝑍𝑍𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑗𝑗𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜                                                                                                                      (4.2) 

The real value of Zopt is optimum source resistance (Ropt), and the imaginary part of Zopt is 

optimum reactance (Xopt) as expressed by the Equations 4.3 and 4.4 (Dubey et al., 2022). Where 

P and R are the noise coefficient and Cr is the correlation factor (Takahashi et al., 2017). 

𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 =  
1

𝜔𝜔𝐶𝐶𝑔𝑔𝑔𝑔
�𝑔𝑔𝑚𝑚�𝑅𝑅𝑔𝑔𝑔𝑔 + 𝑅𝑅𝑔𝑔� + 𝑅𝑅(1 − 𝐶𝐶𝑟𝑟2)

𝑃𝑃
+ �𝜔𝜔2𝐶𝐶𝐺𝐺𝐺𝐺2 �𝑅𝑅𝑔𝑔𝑔𝑔 + 𝑅𝑅𝑔𝑔�

2
                                    (4.3) 

𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜 =  
1

𝜔𝜔𝐶𝐶𝑔𝑔𝑔𝑔
�1 − 𝐶𝐶𝑟𝑟�

𝑅𝑅
𝑃𝑃
�                                                                                                              (4.4) 

                       

                                                                    

Fig. 4.10 (a) Optimum source resistance and reactance for PDB-HEMT and GaN-HEMT (b) optimum noise 

resistance (c) reactance for different Vgs. (Sharma et al., 2023). 
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Figure 4.10(a) depicts the variation of Ropt and Xopt with frequency for both devices. The 

optimum source resistance and reactance value drop with increasing frequency and become 

saturated at a higher frequency. The impact of gate voltage on optimum source resistance (Ropt) 

and optimum reactance (Xopt) is depicted in Figure 4.10(b, c). The optimum source resistance 

increases with gate voltage due to the enhancement of carrier concentration at the channel 

region. Moreover, Ropt is constant at the MHz frequency region and decreases at a greater 

frequency region, as depicted in Figure 4.10(b). The inset graph of Figure 4.10(b) exhibited 

the optimum source resistance at a higher frequency region. The optimum reactance versus 

frequency for different gate voltages are exhibited in Figure 4.10(c). At the lower frequency 

range, the optimum reactance increases with the frequency due to the recombination of charge 

carriers (Ivanov et al., 2022), and a higher peak of Xopt is observed for Vgs = 1.4V; after that, 

there is a downward swing in Xopt. The inset graph of Figure 4.10(c) shows the value of Xopt 

at a higher frequency range.  

One of the essential metrics used to evaluate the performance of a low-noise amplifier (LNA) 

is noise conductance (Gn), expressed by Equation 4.5. Where 𝑆𝑆𝐼𝐼 is the drain current noise 

spectral density, and Ta is the reference temperature 290K. 

𝐺𝐺𝑛𝑛 =
𝑆𝑆𝐼𝐼

4𝐾𝐾𝐵𝐵𝑇𝑇𝑎𝑎|𝑌𝑌21|2                                                                                                                               (4.5) 

The power spectral densities of noise current generators are often estimated using noise 

conductance. RF and low-noise amplifiers (LNAs) need low-noise conductance 

(Poornachandran et al., 2019). The fluctuation of noise conductance with frequency for both 

devices is shown in Figure 4.11(a). At 583 GHz frequency, the PDB-HEMT exhibits a lower 

noise conductance, which is 20% lower than the GaN-HEMT. Figure 4.11(b) shows how the 

gate voltage affects the noise conductance. The flat Gn response is observed at the lower 

frequency region and linearly increases at a higher frequency. The lower noise conductance is 

observed at Vgs = 1.4 V. The inset graph of Figure 4.11(b) shows the value of Gn at a higher 

frequency range. The mathematical expression of the noise figure for a two-port network is 

depicted by Equation 4.6 (Lee et al., 2003). 

𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁𝑚𝑚𝑚𝑚𝑛𝑛 +
𝑅𝑅𝑛𝑛
𝐺𝐺𝑔𝑔

(𝐺𝐺𝑔𝑔 − 𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜)2 +
𝑅𝑅𝑛𝑛
𝐺𝐺𝑔𝑔

(𝐵𝐵𝑔𝑔 − 𝐵𝐵𝑜𝑜𝑜𝑜𝑜𝑜)2                                                                 (4.6) 

The optimal source susceptance and conductance are expressed by Gopt and Bopt (Zhu et al., 
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2008). The minimum noise figure (NFmin) is obtained when Gs = Gopt and Bs = Bopt. The 

frequency-dependent fluctuation of NFmin for both devices is shown in Figure 4.11(c). The 

reduction in NFmin is noticed for PDB-HEMT compared to the conventional HEMT. The NFmin 

is inversely proportional to the transconductance. In PDB-HEMT, the graded buffer 

engineering caused a negative polarization field in the buffer, which limited the electrons to a 

shallower depth range and enhanced gate controllability. Because of this, the transconductance 

increases, leading to an improvement in the low noise figure compared to the conventional 

HEMT. The impact of gate voltage on the noise figure is exhibited in Figure 4.11(d). It has 

been observed that at the MHz frequency range, NFmin is constant; at the GHz region, NFmin 

linearly increases with frequency. The NFmin value decreases with an increase in the gate 

voltage from 1 V to 1.4 V; the afterward higher value of NFmin is observed for Vgs = 2V. This 

variation in NFmin is basically due to the transconductance variation with gate voltage, as 

exhibited in Figure 4.2. The NFmin is the inverse of the transconductance. It is observed from 

Figure 4.2 that transconductance increases with an increment in gate voltage from 1 V to 1.4 

V, and a higher peak of transconductance is observed at Vgs= 1.4V afterward downward swing 

is observed. The inset graph of Figure 4.11(d) shows the value of NFmin at a higher frequency.  

                              

                                                                                                                                             

Fig. 4.11 Noise conductance (a) PDB-HEMT and GaN-HEMT (b) variable gate voltage; NFmin (c) PDB-

HEMT and GaN-HEMT (d) variable gate voltage. (Sharma et al., 2023). 
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Figure 4.12 depicts the HEMT as a two-port device, with V1 representing noise generated at 

the gate and V2 representing noise received at the output (Agarwala and Chaujar, 2012). A 

little statistical analysis is required for this study since noise is a random event. These two ports 

are examined in terms of autocorrelation and cross-correlation of their voltages. Figure 4.13(a, 

b) shows the cross-correlation (V1. V2) and autocorrelation between the input  

(V1. V1) and output voltages (V2. V2) for both structures. In contrast to the GaN-HEMT, the 

PDB-HEMT has a stronger auto/cross-correlation. The polarization-doped buffer in PDB-

HEMT significantly bends the conduction band of the buffer layer upwardly convex. This 

enhances the carrier confinement in the channel and prevents the channel electrons from 

interacting with the traps in the buffer layer to reduce the trapping effects, which attribute to 

the enhancement of electron mobility and reduces the scattering. Therefore, the scattering 

mechanism in PDB-HEMT is inefficient in disrupting the correlation among the gate and drain 

current, significantly enhancing the auto/cross-correlation between them. The real and 

imaginary part of the cross-correlation of PDB-HEMT for Vgs= 1V, 1.2V, 1.4V, and 2V is 

              

Fig. 4.12 Two-port device (Sharma et al., 2023). 

           

Fig. 4.13 (a) Cross-correlation (b) autocorrelation for GaN-HEMT and PDB-HEMT (Sharma et al., 2023). 
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exhibited in Figure 4.14(a, b). The real part of cross correlation remains constant in the 

frequency range 1GHz to 100 GHz after that linear reduction is observed in the THz frequency 

region shown in inset graph of Figure 4.14(a). The lower value of the cross-correlation 

function is observed for high gate voltage. 

Figure 4.14(c, d) depicts the fluctuation of the auto-correlation function concerning the 

variation of the gate voltage (Vgs). The autocorrelation function falls linearly with lower order 

frequency (MHz) and stays constant with higher order frequency (GHz). The autocorrelation 

function reduces as the gate voltage (Vgs) of the PDB-HEMT increases. The inset graph of 

Figure 4.14(c, d) shows the value of auto-correlation function at higher frequency region. The 

linear reduction in autocorrelation function is observed in the THz frequency and lower value 

of the autocorrelation function is observed for high gate voltage. 

Hence, this work's results show that using the polarized doped buffer in T-gate InAlN/GaN 

HEMT devices may achieve extremely low noise levels via improved structural design. 

 

               

                                                                                                                                             

                                               

Fig. 4.14 For different gate voltage (a) real part of cross-correlation (b) imag part of cross-correlation (c) 

input (d) output autocorrelation. (Sharma et al., 2023). 
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4.4 Summary 
In this chapter, a T-gate E-mode HEMT with a polarization-doped buffer has been proposed, 

and a detailed Small signal and noise performance analysis has been developed. Results show 

that using a polarization-induced doped buffer engineering significantly enhance the 

transconductance by 30% and reduced the gate, source resistance by 67.6%, 27.7% which lead 

to a reduction in the reflection coefficients (S11, S22). Enhancement in transconductance 

further improved the forward transmission coefficient (S21) by 69% as compared to GaN-

HEMT. Even at high frequencies, the PDB-HEMT device has a minimum noise figure of 

NFmin= 1.62 dB, lower noise conductance, and stronger auto/cross-correlation. These 

outstanding results show that PDB-HEMT is suitable for creating microwave amplifiers and 

oscillators. These findings make it abundantly evident that the T-gate PDB HEMT structure is 

an excellent candidate for high-performance RF applications and LNAs. 

Although using the back barrier enhances the RF and noise performance of device, it also 

reduces the drain current density. Therefore, it is important to find a balance between RF 

performance and drain current density in device. The double channel engineering is the best 

way to enhance the drain current density of the device. In light of this, the next chapter will 

conduct an in-depth investigation into the double channel engineering on the T-gate shape 

HEMT with back barrier.  
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CHAPTER 5 
 

 Design and Investigation of E-Mode-T-Gate 
Double Channel HEMT with InGaN Back 

Barrier for Enhanced Performance 
 
 

 

 

This chapter discusses the design and analysis of E-mode T-gate double-channel High Electron 

Mobility Transistor (HEMT) with an InGaN back barrier. The insertion of the AlN layer below 

the InAlN/GaN interface results in the formation of the double channel, which in turn results 

in an increase in the drain current density of 2.5 A/mm. However, due to a lack of gate 

controllability over a lower channel, the high leakage current is observed in double channel 

HEMT. This issue has been addressed by using the InGaN as a back barrier, which improves 

the carrier confinement of 2DEG by raising the conduction band for the GaN buffer and 

considerably improves the gate controllability over a lower channel. The performance of the 

proposed device is compared with that of conventional double-channel HEMTs. Various 

performance parameters, such as drain current (Ids), transconductance (gm), intrinsic gain (Av), 

output conductance (gd), early voltage (VEA), TGF, parasitic capacitances (Cgs, Cgd), cut-off 

frequency (fT), maximum oscillation frequency (fmax), gain frequency product (GFP), 

transconductance frequency product (TFP), and gain transconductance frequency product 

(GTFP), are investigated. Furthermore, the improvement in linearity parameters such as VIP2, 

VIP3, IIP3, 1-dB compression point has been observed by varying the back barrier distance 

from the lower channel.  
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5.1 Introduction 
III-Nitride-based HEMTs (High Electron Mobility Transistors) have been gaining significant 

attention in recent years for their use in high-power RF (Radio Frequency) applications. The 

GaN material used in these HEMTs exhibits a higher power output density compared to GaAs 

at high-frequency operations due to its larger bandgap, higher saturation velocity, and higher 

electron mobility (Mishra et al., 2002, Frayssinet et al., 2000). Several research papers have 

been published to enhance the performance of AlGaN/GaN HEMTs (Feng et al., 2004, Lin et 

al., 2004), which are used in high-power applications such as radar, satellite communication, 

and 5G cellular networks. To enhance the RF characteristics of GaN HEMTs, it is essential to 

scale down the device dimension. As the device dimensions are reduced, the parasitic 

capacitances (Cgs and Cgd) that occur between the gate and the source/drain regions decrease, 

resulting in an improvement in the RF parameters. Researchers have been looking at several 

ways to shorten the gate length in order to overcome this issue. However, the lattice mismatch 

between the AlGaN and GaN junction presents an additional difficulty. Due to the lattice 

mismatch, strain is always induced when a thin AlGaN barrier layer is utilised in the device. 

To address this issue, researchers have started using an InAlN layer instead of the AlGaN 

barrier layer. The InAlN layer has a lattice match with the GaN layer when the Al composition 

in the InAlN layer is 0.83 (Neuburger et al., 2004) as discussed in Chapter 2.  

T-gate single-channel HEMTs with various kinds of buffer and back-barrier engineering have 

previously been the subject of a significant amount of research and development. Lee et al., 

2011a demonstrated a passivated Al2O3 layer on a 65 nm gate length HEMT with a back-barrier 

layer. This HEMT exhibited a drain current of 1.49 A/mm and a transconductance (gm) of 539 

mS/mm. The use of Al2O3 as a passivation layer provides a high-quality surface with low 

interface state density, which results in improved device performance. Adak et al., 2014 

designed a 150 nm gate length HEMT with a p-GaN back barrier. This device recorded a drain 

current density of 1.24 A/mm and a gm of 589 mS/mm. Han et al., 2018 designed a 70 nm gate 

length HEMT with a graded buffer. This device recorded a drain current of 1.4 A/mm.  

The impact of polarization doped buffer back barrier engineering on RF and noise performance 

is already discussed in Chapter 3 and Chapter 4. It has been observed that by inserting the 

back barrier below the channel layer reduces the drain current density. Hence, it is important to 

find a balance between RF performance and drain current density in HEMTs.  
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Double-channel HEMTs (DC-HEMT) (Zhang et al., 2017, Chugh et al., 2018) have recently 

emerged as a better alternative to single-channel HEMT. The DC-HEMT engineering involves 

the two heterointerfaces, which creates two channels in the device. This unique feature of DC-

HEMTs makes them suitable for radio frequency (RF) circuit design because of their high 

current drivability (Jha et al., 2008, Chu et al., 2005). The AlGaN/GaN double heterojunction 

HEMT demonstrated by Ravikiran et al., 2015 has an excellent frequency response of fT/fmax 

22/25 GHz, exhibits great potential in high-frequency electronic applications. Despite the 

advantages of the DC-HEMT, it has some limitations.  

The poor confinement of 2DEG and poor gate controllability over the lower channel are the 

primary challenges that need to be addressed. In order to improve the confinement of 2DEG, 

buffer engineering is required. The InGaN back barrier engineering is one of the most effective 

buffer engineering which enhance the 2DEG confinement and reduce the short channel effect 

(Lee et al., 2011b, Palacios et al., 2005). The poor gate controllability over the lower channel 

is another major challenge with DC-HEMTs. This issue can be solved through gate-recessed 

engineering, which enhances the gate controllability over the lower channel and shifts the 

threshold voltage towards the positive side.  

In this chapter, we thoroughly examine both analog and RF performance characteristics 

exhibited by a DC-BB-HEMT (double channel T-gate HEMT with InGaN back barrier). This 

chapter place particular emphasis on closely analysing how certain device parameters are 

impacted upon by introduction of an InGaN back-barrier layer. Additionally, a careful 

investigation has been done on the linearity parameters of the device with variable back barrier 

distance from lower channel. 

The following outline constitutes this chapter's structure: Section II of this chapter provides an 

overview of the device construction. Section III of the chapter discusses the results obtained 

through simulation. These results include the analog and RF performance of DC-BB-HEMT 

and DC-HEMT. The impact of back-barrier distance on linearity parameters also investigates 

in the result section. The conclusion of the chapter is presented in the final part of the chapter's 

summary. 
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5.2 Device Structure 
Figure 5.l exhibits the schematic structure of recessed 70 nm T- gate InAlN/AlN DC-BB-

HEMT. All the parameters used in the structure are defined in Table 5.1. The Al2O3 layer 

passivates the device to reduce the parasitic capacitance. The source and drain regions are 

doped with Si of order 1020 cm-3 to reduce the contact resistance. The first AlN layer placed 

below the InAlN layer enhances the mobility of 2DEG. The second AlN layer is placed at a 

distance of 10 nm from the first AlN layer. The second AlN layer formed the second triangular 

quantum well at the interface of AlN (2)/GaN and formed the second channel. The 2 nm InGaN 

back barrier layer is placed below the lower channel to enhance the 2DEG confinement This 

layer improves the performance of the device by reducing the leakage current and increasing 

the breakdown voltage. The layer is also responsible for providing a high potential barrier for 

the 2DEG, which helps to prevent its spilling in the buffer region. Overall, the design of the 

recessed 70 nm T-gate InAlN/AlN DC-BB-HEMT is optimized to achieve high performance 

for specific applications. The combination of the different layers and regions results in a device 

that exhibits high mobility, low contact resistance, and reduced parasitic capacitance. The 

models used to simulate the device are the same as discussed in Chapter 2. 

                                                              

Fig. 5.1 Proposed T-gate Double channel back barrier HEMT (DC-BB-HEMT) (Sharma and Chaujar, 

2021). 
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5.3 Results and Discussion 
5.3.1 Band Diagram and Electron Concentration 

This subsection focuses on the conduction band discontinuity and electron concentration of DC-

BB-HEMT and DC-HEMT. As shown in Figure 5.2, both devices have a conduction band 

TABLE 5.1 

DESIGN PARAMETERS OF DC-BB-HEMT AND DC- HEMT (SHARMA AND CHAUJAR, 2021) 

Device Parameter DC-HEMT DC-BB-HEMT 
Gate length (Lg) 70 nm 70 nm 
Al2O3 passivation layer 10 nm 10 nm 
Distance b/w two channels 10 nm 10 nm 
Distance b/w lower channel and back 
barrier (Tbb) 

30 nm 30 nm 

Source to gate length (Lgs) 400 nm 400 nm 
Gate to drain length (Lgd) 1.5 µm 1.5 µm 
Barrier layer (InAlN) 10 nm 10 nm 
AlN layer 1 nm 1 nm 
InGaN back barrier - 2 nm 
GaN buffer 1.5 µm 1.5 µm 
Source/drain doping 1×1020 cm-3 1×1020 cm-3 
Gate width 2×50 µm 2×50 µm 
Gate stem height 100 nm 100 nm 
Gate head 400 nm 400 nm 

 

 

                                                       

Fig. 5.2 Conduction band diagram of DC-BB-HEMT & DC-HEMT (Sharma and Chaujar, 2021). 
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diagram with two quantum wells, namely the primary quantum well and the secondary quantum 

well. The primary quantum well is formed at the interface of AlN (1)/GaN and has a relatively 

deeper quantum depth, which generates the major upper channel region and accumulates the 

highest electron concentration. On the other hand, the second quantum well is formed at the 

interface of AlN (2)/GaN, which generates the second channel. The DC-BB-HEMT, in 

particular, has a unique feature where a sharp notch is formed at the back of the lower channel. 

This notch is created by the induced polarization charges between the InGaN and GaN, which 

raises the potential barrier and confines the electrons in the channel region. This confinement 

enhances the gate controllability over the lower channel, leading to better device performance.  

Figure 5.3 displays the charge distribution of a DC-BB-HEMT. In this device, piezoelectric 

and spontaneous polarization charges are induced at the interface of different layers. The 

polarization effect causes the accumulation of negative and positive charges on each layer's 

opposite sides. The values of these polarization charges are calculated using Equation 1.7 in 

Chapter 1. 

The contour plot of the electron concentration is shown in Figure 5.4(a, b), respectively, for 

DC-HEMT and DC-BB-HEMT. It has been observed that the concentration of electrons is 

larger at the AlN (1)/GaN interface which generates the main channel, whereas the AlN 

(2)/GaN interface forms the minor channel. As compared to the DC-HEMT, the DC-BB-HEMT 

exhibits a lower electron concentration at the AlN (2)/GaN. This decrease in electron 

concentration may be due to the insertion of an InGaN layer, which prevents the spilling of 

                                    

        Fig. 5.3 Polarization Charge distribution of each layer in DC-BB-HEMT (Sharma and Chaujar, 2021). 
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electron in the buffer layer, hence improving electron confinement and resulting in a lower 

overall electron concentration. 

5.3.2 DC and Analog Performance 
This subsection aims to evaluate the DC and analog performance of the proposed device (DC-

BB-HEMT) and compare it with the conventional device (DC-HEMT). Figure 5.5 shows the 

drain current characteristics for both devices. Initially, due to the lack of gate controllability 

over channel 2 in DC-HEMT, channel 2 remains in an ON state, and a negative threshold 

voltage is observed. As the gate voltage is increased, channel 1 is turned on, which is the 

primary channel with a higher 2DEG density. Once channel 1 is turned on, it screens channel 

2 and saturates the 2DEG in channel 2. The presence of the InGaN back barrier in DC-BB-

                                         

Fig. 5.4 Electron concentration Contour plot of (a) DC-BB-HEMT (b) DC-HEMT. (Sharma and Chaujar, 

2021). 

                     

Fig. 5.5 Drain Current Characteristics of DC-BB-HEMT & DC-HEMT (Sharma and Chaujar, 2021). 
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HEMT enhances the 2DEG confinement, improves the gate controllability over channel 2, and 

shifts the threshold voltage significantly toward the positive side. At Vgs = 3V, the drain current 

density obtained in DC-BB- HEMT is 2.2A/mm, which is approximately 16.6% lower than 

that of DC-HEMT (2.59A/mm). This decrease in current density is due to the threshold voltage 

shift of DC-BB-HEMT (0.3V) toward the positive side, which is about 1.5V higher than that 

of DC-HEMT (-1.8V). The inset graph of Figure 5.5 shows the drain current characteristics 

for different gate lengths for DC-BB- HEMT. It has been observed that at a gate length of 10 

nm, the device exhibits an "on" state when Vgs = 0V. However, as the gate length increases to 

70 nm, the device demonstrates E-mode characteristics. As a result, to ensure optimal E-mode 

performance of the device, we adhere to the 70 nm gate length. 

This subsection also evaluates the analog parameters, including transconductance (gm), 

transconductance generation factor (TGF), output conductance (gd), early voltage (VEA), and 

intrinsic gain (Av), for the proposed device and compares them to those of the conventional 

device. The mathematical formulations of these parameters, as shown below (Kumar and 

Chaujar, 2021a), are crucial for analog applications. 

gm = ∂Id ∂Vgs⁄                                                                                                                      (5.1) 

TGF = gm Id⁄                                                                                                                      (5.2) 

gd = ∂Id ∂Vds⁄                                                                                                                      (5.3) 

VEA= Id gd⁄                                                                                                                      (5.4) 

Av = gm gd⁄ = (gm/Id) × VEA                                                                                              (5.5) 

Figure 5.6(a) shows the plot of transconductance with gate bias for both devices. 

Transconductance is defined as the change in the drain current to the gate voltage at constant 

drain voltage. In Figure 5.6(a), double peaks, i.e., primary and secondary peaks, have been 

observed in the transconductance graph due to the formation of two channels. The higher 

primary peak is observed for the DC-BB-HEMT at Vgs = 0.8 V due to the improvement of 

electron confinement and gate controllability for channel 2 by the InGaN back barrier. 

Simultaneously, the secondary peak for both devices is comparable, which shows that the 

presence of the InGaN back barrier does not affect channel 1. Figure 5.6(b) exhibits the plot 

of the transconductance generation factor (TGF) for both devices. TGF is the ratio of 
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transconductance and drain current. It is a crucial factor in the analog application. TGF is the 

gain available per unit power dissipation (Pardeshi, 2015, Chaujar et al., 2008), where gm 

represents the gain and drain current represents the dissipated power. The smaller the value of 

TGF, the lower will be the input drivability, which dissipated the high power at the capacitative 

load circuit. In Figure 5.6(b), it can be seen that at lower Vgs high peak of TGF is attained for 

DC-BB-HEMT (32 V-1), which is about 10 times higher than the DC-HEMT (1.73 V-1). As the 

gate voltage increases, the value of TGF is reduced severely due to the increment of drain 

current at high gate bias. 

Figure 5.6(c) shows the plot of intrinsic gain with gate bias. The high peak of intrinsic gain for 

DC-BB-HEMT (4 dB) observed at Vgs = 1.5 V. Intrinsic gain depends on two factors: 

transconductance and output conductance. The decrement of output conductance significantly 

enhances the intrinsic gain of about 50% in the proposed device. Figure 5.6(d) shows the 

variation of early voltage with gate bias for both devices. Early voltage is another analog 

parameter which is the ratio of drain current and output conductance. For better analog 

                               

Fig. 5.6 (a) Transconductance (b) TGF (c) Intrinsic gain (d) Early voltage for both devices. (Sharma and 

Chaujar, 2021). 
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performance, both intrinsic gain and early voltage should be high. The higher value of early 

voltage is obtained for DC-BB-HEMT (10V), which is about 53% higher than the DC-HEMT 

(6.5V). This increment in the early voltage is due to the lower output conductance, which 

enhances the proposed device's analog parameters. The plot of output conductance for DC-BB-

HEMT and DC-HEMT with drain bias is shown in Figure 5.7. Output conductance calculates 

the driving ability of the device. The higher value of output conductance is observed at lower 

drain voltage. As the Vds increase, the output conductance is decreased exponentially. Due to 

the higher gate controllability, minimum output conductance is observed for DC-BB-HEMT 

as compared to DC-HEMT. 

5.3.3 RF Performance  
In this subsection, small-signal AC analysis has been conducted for DC-BB-HEMT and DC-

HEMT - at an operating frequency of 1 MHz. The purpose of this analysis is to investigate 

various RF parameters of these HEMTs, including fT, fmax, GFP, GTFP, and TFP. The 

mathematical formulation of these parameters is listed below (Chaujar et al., 2008). 

fT ≈ gm 2π(Cgs+C
gd

)�                                                                                                             (5.6) 

fmax= fT �4Rg(gds+2πfTCgd)�                                                                                     (5.7) 

GFP = (gm/gd) × fT                                                                                                           (5.8) 

                                                    

Fig. 5.7 Output conductance of DC-BB-HEMT & DC-HEMT (Sharma and Chaujar, 2021). 
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TFP =  (gm/Id)  ×  fT                                                                                               (5.9) 

GTFP =  (gm/gd)  ×  (gm/Id)  ×  fT                                                                                 (5.10) 

Figure 5.8(a, b) exhibit the plot of the gate-to-source capacitance (Cgs) and gate-to-drain 

capacitance (Cgd) with gate bias. For better RF performance, these parasitic capacitances should 

be low. At lower gate voltage, there is a slow increment in Cgs and Cgd, but at higher gate bias, 

there is a quick increment in Cgs and Cgd due to the enhancement of the lateral electric field, 

which increases the carrier movement from the drain to the source side. The DC-BB-HEMT 

shows a lower value of Cgs and Cgd in comparison to the DC-HEMT. At the metal/InAlN 

interface, charges increase due to the higher sheet charge density in the quantum well, which 

enhances the capacitance for DC-HEMT. 

Figure 5.8(c) shows the plot of cut-off frequency (fT) with gate bias. The cut-off frequency is 

defined as the frequency at which current gain reduces to unity. From Equation 5.6, it is seen 

that fT depends upon transconductance and parasitic capacitance. The double peak structure 

                                       

Fig. 5.8. Variation of (a) Cgs (b) Cgd (c) fT (d) GFP for both devices. (Sharma and Chaujar, 2021). 
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has been observed, the same as the transconductance curve Figure 5.6(a). The primary and 

secondary peaks are formed due to channel 2 and channel 1. The InGaN back barrier's presence 

increases the primary transconductance peak, which further enhances the cut-off frequency. 

The secondary transconductance peak is not affected by the InGaN back-barrier, but the 

parasitic capacitance for the DC-BB-HEMT is lower, enhancing the cut-off frequency. The cut-

off frequency obtained for DC-BB-HEMT (153 GHz) is 11.7% higher than the DC-HEMT 

(136 GHz). In Figure 5.8(d), the gain frequency product (GFP) has been plotted against the gate 

bias. The GFP is another essential parameter for high-frequency applications. Initially, with 

increasing the gate voltage, GFP increases linearly and holds an optimum value, after that, it 

decreases in the saturation region. The higher peak of GFP obtained for DC-BB-HEMT is 526 

GHz which is about 35.2% higher than the DC-HEMT (389 GHz). GFP improvement in DC-

BB-HEMT is mainly due to the improvement in cut-off frequency, transconductance, and 

reduction of output conductance. 

Variation of the drain to source conductance (gds) and maximum oscillation frequency (fmax) 

with gate bias is shown in Figure 5.9(a, b), respectively. The maximum oscillation frequency is 

                                       

Fig. 5.9. Variation of (a) gds (b) fmax (c) TFP (d) GTFP for both devices. (Sharma and Chaujar, 2021). 
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defined as the frequency at which max unilateral gain reduces to unity. Equation 5.9 shows that 

the fmax depends upon parasitic capacitance, drain-to-source conductance (gds), and fT. The 2 

times higher fmax is obtained for DC-BB-HEMT (92 GHz) in comparison to DC-HEMT (36 

GHz) due to the lower parasitic capacitance (Cgd), gds, and higher fT. Variation of 

transconductance frequency product (TFP) with gate bias is shown in Figure 5.9(c). TFP is 

utilized in moderate to high-speed design. In Figure 5.9(c), higher primary and secondary peaks 

are observed for the DC-BB-HEMT than the DC-HEMT due to the higher gm, fT, and lower Id. 

Gain transconductance frequency product (GTFP) is another essential FOM that gives critical 

information regarding circuit designing by determining the perfect region to achieve the 

tradeoff among the gain, transconductance, and device speed. In Figure 5.9(d), the higher value 

of GTFP is observed for DC-BB-HEMT (1310 GHz/V), which is about 57% higher than the 

DC-HEMT (828 GHz/V). The improvement of these parameters for DC-BB-HEMT is mainly 

due to the improvement of gm and reduction of output conductance. 

5.3.4 Linearity Analysis of DC-BB-HEMT with 

Variable Tbb 

This subsection investigates the impact of the back-barrier distance from the lower channel 

(Tbb) on the linearity performance of DC-BB-HEMT. Figure 5.10(a, b) exhibit the drain 

current and transconductance characteristics for different Tbb values. It has been observed that 

while increasing the back barrier distance from the lower channel, the drain current and 

transconductance characteristics improved. As the back barrier distance increases from 10 nm 

to 30 nm, the drain current density also increases. A higher value of drain current is observed 

at 2.3 A/mm for 30 nm Tbb. On increasing the back barrier distance, the second quantum depth 

increases, which results in the enhancement of 2DEG concentration. Improvement in 

transconductance characteristics on increasing the back barrier distance is basically due to the 

lower scattering and higher mobility of 2DEG. When the InGaN back barrier is placed near the 

lower channel, the mobility of 2DEG is badly affected by the back barrier due to the alloy 

disorder scattering mechanism.  

 The investigation of non-linear parameters is very important as they are the primary source of 

distortion. So to achieve high linearity, the non-linear parameters should be low. The second 

and third-order transconductance parameters (gm2, gm3) are the non-linear parameters. Figure 
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5.10(c, d) shows the variation of non-linear parameters with gate bias for different back barrier 

distance. It has been observed that by increasing the Tbb from 10 nm to 30 nm, the non-linear 

parameters are almost comparable, which shows increasing the back barrier distance does not 

affect the non-linear parameters.  

The linearity parameters are mathematically expressed as (Kumar and Chaujar, 2021b). 

VIP2 = 4 × (gm gm2⁄ )                                                                                             (5.11) 

VIP3 = �24 × (gm gm3⁄ )                                                                                             (5.12) 

IIP3 = (2 3⁄ ) × �gm/(gm3Rs)�                                                                                 (5.13) 

1 − dB compression point = 0.22 × �(gm gm3⁄ )                                                         (5.14) 

VIP2 & VIP3 express the extrapolated gate voltage amplitude at which second and third-order 

harmonics equal the fundamental tone in device current (Ids). These FOMs can accurately 

                                       

Fig. 5.10. (a) Transfer characteristics (b) transconductance (c) gm2 (d) gm3 for variable Tbb. (Sharma and 

Chaujar, 2021). 
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investigate the distortion characteristics from DC parameters. In order to attain high linearity 

and low distortion, these parameters should be as high as possible. Figure 5.11(a, b) exhibit the 

graph of VIP2 and VIP3 with gate bias for different back barrier distances. It has been observed 

that by increasing the Tbb from 10 nm to 30 nm, VIP2 and VIP3 increase. The higher peak of 

VIP2 and VIP3 is observed at 65.3 V and 5.1 V for 30 nm Tbb which is 2 times higher than the 

10 nm Tbb (29 V and 2.9 V). As shown in Equation 5.11 and 5.12, VIP2 and VIP3 parameters 

depend upon the transconductance and the second and third order transconductance. Due to the 

lower scattering disorder and higher mobility of 2DEG, higher gm has been obtained for 30 nm 

Tbb.   

Third-order input intercept point (IIP3) and 1-dB compression point are other essential FOMs 

investigating linearity performance. IIP3 exhibits the extrapolated input power at which the 

first and third harmonics are equal. Figure 5.11(c) shows the variation of IIP3 with gate bias for 

variable Tbb. The IIP3 parameter also increases on increasing the back barrier distance from the 

lower channel. The higher peak of IIP3 observed at Vgs = 1.8 V is 51 dBm for 30 nm Tbb which 

                                       

Fig. 5.11. Variation of linearity parameters with gate bias for different back    barrier distance (a) VIP2 (b) 

VIP3 (c) IIP3 (d) 1-dB compression point. (Sharma and Chaujar, 2021). 
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is about 10% higher than the 10 nm Tbb (46 dBm). 1-dB compression point is defined as the 

input power value at which the gain of the amplifier drops by 1-dB. The study of this parameter 

is essential for the amplifier circuit. Figure 5.11(d) exhibits the higher peak of 1 dB compression 

point for 30 nm (1.3 dB), which is 8 times higher than the 10 nm (-8.1 dB) and emphasizes the 

superior linearity performance of DC-BB- HEMT with 30 nm Tbb. Thus results reflect that RF 

harmonic distortion and linearity improve by increasing the InGaN back barrier distance from 

the lower channel. 

5.4 Summary 
This chapter explored the performance of double channel T-gate E-mode HEMT with back 

barrier (DC-BB-HEMT). The simulated results proved that the DC-BB-HEMT exhibited 

substantial improvements in analog performance. The intrinsic gain, which indicates a higher 

signal amplification capability, saw a whopping 50% increase. Similarly, the transconductance 

gain frequency (TGF) increased by an impressive 477%, while the early voltage was enhanced 

by 23%. These numbers suggest that the DC-BB-HEMT significantly improve the device's 

analog performance. 

The DC-BB-HEMT further showcased superior RF performance when compared to 

conventional HEMT. Both its cut-off frequency and maximum oscillation frequency observed 

an increase of around 11.7% and 10%, respectively. Additionally, there was a significant 

improvement in gain frequency product (GFP), gate transconductance-frequency product 

(GTFP), and TFP by almost 35.2%, 57% and 44% correspondingly. Moreover, the study also 

investigated the device's linearity performance with varying back barrier distances. It has been 

observed that the linearity performance of proposed device improved at a back barrier distance 

of 30 nm. This result implies that careful optimization of the back- barrier distance can further 

enhance the device's linearity performance. 
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CHAPTER 6 
 

SUMMARY AND FUTURE SCOPE 
 

 

 

 

 

 This chapter provides a summary of the research conducted in this thesis. In addition, the 

conclusions generated from the results are highlighted briefly. After that, this chapter discusses 

the potential future work that may be done to expand the research.     
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6.1 Summary  
Silicon technology, which has been the main workhorse of modern electronics, has dominated 

the semiconductor sector for over a decade. Transistors made from silicon have been 

implemented in many different fields. However, silicon-based devices are quickly reaching 

their theoretical limit of operation, and future RF and microwave applications will require even 

higher levels of performance that cannot be achieved with the current technology. The GaN 

HEMT technology has solidified its position as the dominant contender in the realm of high-

power and RF applications. GaN contains a number of beneficial properties, which together 

lead to the material's outstanding performance. In this thesis, a T-gate E-mode HEMT 

architecture is mainly encompassed as it provides the aggressively scaling of device and high 

RF performance. Moreover, to overcome various challenges faced by conventional HEMT, 

different engineering schemes have also been integrated on T-gate HEMT. A polarization 

induced doping in the buffer layer (buffer Engineered), heavily doped source/drain region, and 

recessed T-gate (Gate Metal Engineered) structure has been developed in Chapter 2. The 2-D 

TCAD simulations have been executed to explore T-gate E-mode HEMT with a polarization-

doped buffer, and a detailed DC and RF performance analysis has been developed. The results 

demonstrate that the utilization of recessed gate engineering and polarization-induced doped 

buffer engineering yields substantial improvements across various performance metrics. 

Notably, these techniques achieve a remarkable Ion/Ioff ratio of 109, a significant reduction in 

subthreshold swing to 78 mV/dec, and a DIBL of just 100 mV/V. Furthermore, they increase 

the breakdown voltage to 33 V, improve the cutoff frequency to 583 GHz, and maximize the 

oscillation frequency to 840 GHz. Moreover, the use of lattice-matched InAlN barrier layer and 

AlN spacer layer enhances the electron mobility (1250 cm2/Vs) and 2DEG density (2.8 × 1013 

cm-2) due to which higher drain current density has been achieved (2.8 A/mm). Additionally, 

the impact of gate recessed depth (Rd) on DC and RF performance is also investigated. It has 

been observed that on increasing the gate recessed depth from 2 nm to 5 nm, a positive shift in 

threshold voltage (0.8V), lower off current (10-8), and higher transconductance (1.55 S/mm) is 

achieved. Moreover, a high-k gate oxide engineering approach has been done, wherein a 

particular segment of the recessed gate is substituted with a high-k dielectric material. This 

strategic implementation of the high-k dielectric significantly enhances the interfacial and 
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transport characteristics of the device while effectively reducing the gate leakage current. 

However, it has been observed that implanting the gate oxide alone does not enable E-mode 

operation. Therefore, gate-recessed engineered T-gate E-mode HEMT with polarization doped 

buffer is the superior choice for achieving E-mode operation and a potential candidate for high-

power millimeter-wave applications as discussed in Chapter 2. 

However, the downscaling of the device has a notable impact on its DC and RF performance 

characteristics. Consequently, it becomes crucial to carefully determine the dimensions of the 

T-shaped gate structure to ensure optimal device operation. In regard of this, the Chapter 3 

will conduct an in-depth investigation of the influence exerted by the T-gate shape on both the 

DC and RF performance of the device. The impact of T-shaped gate geometry on parasitic 

capacitance and RF Figure of Merits (FOMs) such as maximum oscillation frequency (fmax), 

gain-bandwidth product (GBP), cut-off frequency (fT), maximum stable and available power 

gain (Gms and Gma), maximum transducer power gain (MSG) and stability factor (k) are 

discussed in Chapter 3. The simulation results show that the parasitic capacitances are deeply 

affected by the geometry of the T-gate. The less influence of gate-to-source capacitance (Cgs) 

by the drain voltage possesses constant depletion charges at the source side, leading to a 

persistent value of Cgs with drain bias. Furthermore, the effect of gate head length (Hlength), gate 

stem height (Sheight), and gate foot length (Flength) on RF Figure of Merits (FOMs) are deeply 

investigated. The simulated results confirm that the proper choice of Hlength (280 nm), Sheight 

(100 nm), and Flength (10 nm) significantly reduced the parasitic capacitance (Cgs = 350 fF/mm 

and Cgd = 140 fF/mm) and enhanced the fmax (840 GHz), GBP (636 GHz), fT (583 GHz) and 

also improve the power gains. The simulated results of the proposed device design show its 

applicability for high-performance RF/microwave applications. 

Furthermore, parameters for noise and scattering play an important role in establishing a 

device's overall performance. Noise parameters are critical because they govern how much 

background noise will be added to the signal as it transmits through the device. On the other 

hand, the scattering parameters are determining the amount of power that is lost when the signal 

travels through the device. Therefore, in order to ensure the reliability of the device, it is 

necessary to investigate the effect that polarization-doped buffer engineering has on the noise 

and scattering characteristics of T-gate HEMTs. This is the key emphasis area of Chapter 4. 

The detailed discussion on S-parameters and noise performance has been developed. Results 
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showed that using a polarization-induced doped buffer (PDB) engineering significantly 

enhance the transconductance by 30% and reduced the gate, source resistance by 67.6%, 27.7% 

which lead to a reduction in the reflection coefficients (S11, S22). Enhancement in 

transconductance further improved the forward transmission coefficient (S21) by 69% as 

compared to GaN-HEMT. Even at high frequencies, the PDB-HEMT device has a minimum 

noise figure of NFmin= 1.62 dB, lower noise conductance, and stronger auto/cross-correlation. 

These findings make it abundantly evident that the T-gate PDB HEMT structure is an excellent 

candidate for high-performance RF applications and low noise amplifiers. 

The implementation of the back barrier on T-gate HEMT significantly enhances the RF and 

noise performance of device as discussed in Chapter 2 and Chapter 4. However, it also 

reduces the drain current density. Therefore, a double channel engineering is executed in the 

Chapter 5 by inserting the AlN layer below the InAlN/GaN interface developing a double 

channel HEMT. Simulation results showed that formation of double channel significantly 

enhance the drain current density of 2.5 A/mm.  However, due to a lack of gate controllability 

over a lower channel, the high leakage current is observed in double channel HEMT. This issue 

has been addressed by using the InGaN as a back barrier, which improves the carrier 

confinement of 2DEG by raising the conduction band for the GaN buffer and considerably 

improves the gate controllability over a lower channel. The performance of the proposed device 

is compared with that of conventional double-channel HEMTs. The simulation results showed, 

the proposed double channel back barrier HEMT (DC-BB-HEMT) exhibited substantial 

improvements in analog performance. The intrinsic gain, which indicates a higher signal 

amplification capability, improved by 50%. Similarly, the transconductance gain frequency 

(TGF) increased by an impressive 477%, while the early voltage was enhanced by 23%. These 

numbers suggest that the InGaN back barrier significantly contributes to the device's analog 

performance. Moreover, RF performance of (DC-BB-HEMT) also compared with conventional 

DC-HEMTs. Simulation results showed that both the cut-off frequency and maximum 

oscillation frequency increased by around 11.7% and 10%, respectively. Additionally, there 

was a significant improvement in gain frequency product, gate transconductance-frequency 

product (GFP), TFP and GTFP by almost 36%, 44% and 57% correspondingly. These findings 

highlight the significant role played by InGaN back barriers in enabling enhanced RF 

performances in devices. Moreover, the study also investigated the device's linearity 

performance with varying back barrier distances. It has been observed that the linearity 
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performance of proposed device improved at a back barrier distance of 30 nm. This result 

implies that careful optimization of the back- barrier distance can further enhance the device's 

linearity performance. 

6.2 Future Scope 
The prime objective of this thesis is to design a E-mode GaN HEMT device which can 

overcome the limitations of conventional GaN HEMT. Various engineering schemes, including 

polarization-doped buffer engineering and T-shaped gate metal engineering has been 

incorporating to mitigate 2DEG spilling issues in the buffer and reduce leakage current, leading 

to improved device performance. Further, the proposed device design is also investigated for 

small signal and noise behaviour. By studying the small signal and noise behaviour, valuable 

insights can be gained regarding the device's overall performance, signal amplification 

capabilities, and noise figure. Another objective of this research work is to implement the 

double channel engineering on the proposed device structure in order to make a balance 

between RF performance and drain current density in device. All of the objectives, 

nevertheless, are accomplished to a significant degree via the use of extensive numerical 

simulations. In spite of this, taking into account the work that has been done so far, it would be 

interesting to investigate and develop the following features as future aspects. 

1. Temperature analysis can be performed to study the application of the T-gate E-mode 

polarization induced doped buffer for a wide range of temperature. 

2. In sensing applications, the T-gate E-mode double channel HEMT with InGaN back 

barrier may be applied as a biochemical sensor. This sensor can detect biomolecules 

such as glucose, DNA, proteins, cancer, and dangerous gases. 

3. The jagged field plate engineering can be implemented in order to enhance the 

breakdown voltage of the device. 

4. The output power of FETs is highly constrained by the phenomena of current collapse, 

which is related to traps. It reduces the microwave frequency output power of a device 

compared to what would be predicted from its DC characteristics. This is due to the 
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device structure contains defects and traps at the surface or epitaxial layer. Therefore, 

it is essential to understand the defects and traps in this structure in order to enhance 

the performance of the device. 
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Abstract

The DC and RF performance of ultra-scaled 10 nm E mode InAlN/AlN HEMT

with polarized doped buffer has been investigated. The proposed device has

the feature of polarized doped buffer, heavily doped source/drain region, and

recessed T-gate structure. The polarization-induced doping in the buffer layer

bent the conduction band upwardly convex, which enhanced the 2DEG con-

finement, reduced the buffer leakage current, and significantly uplifted the

breakdown voltage (33 V), which is 5 times higher than the conventional

InAlN/AlN GaN buffer HEMT (8 V). The short channel effect was further

reduced by the recessed gate engineering (high on/off ratio 109, subthreshold

swing 78 mV/dec, and DIBL 100 mV/V), and smaller 10 nm foot length of T-

gate reduced the parasitic capacitance, which uplifts the RF parameters of the

proposed device. The proposed device exhibits a high current density of 2.8 A/

mm, transconductance 1.55 S/mm, cutoff frequency fT (583 GHz), and maxi-

mum oscillation frequency fmax (840 GHz). At room temperature, the calcu-

lated carrier density and mobility are 2.8 � 1013 cm�2 and 1250 cm2/Vs. The

large Jhonson figure of merit (fT. VBR) 19.23 THz and (fT. fmax)
1/2 699 GHz

shows the potential of the proposed device for high-power millimeter-wave

applications.
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1 | INTRODUCTION

The GaN-based devices have preeminent physical proper-
ties such as higher breakdown voltage, larger bandgap,
high mobility, and good thermal conductivity. These
superior properties attracted the extensive attention of
researchers to develop the high-power amplifier for
image sensing, remote sensing, radar, and space
research.1–3 Several research papers have been published
on AlGaN/GaN HEMTs1–8 for high RF applications. To
achieve the operating frequency in the millimeter range,

a reduction of the device geometry is required. The
reduction of AlGaN barrier thickness produces an
unavoidable strain at the AlGaN/GaN junction. The dec-
rement of gate length induces the short channel effect
due to the lower aspect ratio. The lattice-matched InAlN
layer successfully reduced the strain at InAlN/GaN junc-
tion.9 The spontaneous polarization induces the higher
2DEG density at InAlN/AlN interface, enhancing the
drain current density 3.3 A/mm, which is 205%
higher than the AlGaN HEMT.10 The InAlN/AlN-based
HEMTs allow the device's aggressive scaling, empowering
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the cutoff frequency and reducing the short-channel effect
(SCE). Nowadays, InAlN/GaN attracted much attention in
high-power RF applications due to its high power and cur-
rent gain frequency, minimum SCE, lower leakage cur-
rent, and high drain current density.11–16 The device
performance has also been improved by introducing the
AlN layer between the InAlN/GaN layer, which increases
the conduction band's discontinuity and enhances the
2DEG concentration.17 It also reduces the alloy scattering,
which significantly improves the device's mobility. The
InAlN/AlN T-Gate HEMTs stated many advantages but
also suffered from the one major issue of spilling 2DEG
from the channel into a buffer which reduces the mobility
and reliability of the device.18 Thus, innovative buffer
engineering is required to robust the performance of
InAlN HEMTs. Initially, the resistivity of the buffer is
increased by the doping of Fe or C acceptors, which com-
pensate for the bulk-free electrons.19 However, these dop-
ants generate deep-level acceptors in the layer, leading to
a strong current collapse.20 Recently polarization doping
has been considered a better alternative, which can be
obtained by grading the AlGaN layer. Many experimental
and theoretical papers have already been published for the
different types of graded engineering. Shibin Li et al. pub-
lished the experimental work on the polarization-induced
pn junction.21 Debdeep Jena et al. show the experimental
work on polarization bulk doping.22 Shibin Li et al.23

exhibits the polarization-induced hole doping in which Al
comp changes from 0.7 to 1. Simon et al. used the polari-
zation doping for UV LEDs,24 Tiecheng Han et al. reported
the polarization doping to reduce SCEs.25 Chuanhao Li
et al. show the breakdown and current collapse character-
istics of graded AlGaN buffer.26

This paper has designed and investigated the DC
and microwave performance of ultra-scaled 10 nm T-
gate InAlN/AlN E-mode HEMT with heavily doped
source/drain region and polarization doped buffer. The

higher fT/fmax, high breakdown voltage, and tighter
2DEG confinement have been achieved for the pro-
posed HEMT. The T-gate shape provided a large gate
area by keeping the lower foot length, significantly
reducing gate capacitance and gate access resistance.27

The higher aspect ratio is also maintained (Lg/d) by
recessing the gate length, which effectively reduces the
short channel effect.28 The heavily doped source/drain
region significantly reduced the contact resistance.29

The polarization-induced doping in the buffer allows
the potential to bend upwardly convex, enhancing the
resistivity in the buffer layer without any intentional
doping, which significantly reduced the buffer leakage
current, improving the pinch-off voltage and micro-
wave performance of the proposed device.

2 | DEVICE STRUCTURE

The schematic structure of the proposed HEMT is shown
in Figure 1A. The proposed device is made up of 6 nm
lattice-matched InAlN barrier layer, 1 nm AlN spacer
layer, which increases the conduction band discontinuity
at AlN/GaN junction and enhances the 2DEG concentra-
tion, 20 nm GaN channel layer, and 1 μm AlGaN buffer
layer in which aluminum composition linearly changes
from 0.2 to 0 along the (0001) direction. The T-shaped
Schottky gate consists of a Pt/Au metal stack with a
smaller footprint and a larger gate area (10 nm length,
100 nm stem height, 400 nm head, 2 � 25 μm gate
width). The T-shaped structure decreases the gate resis-
tance and gate capacitance by providing a larger gate area
and lower foot length. The source and drain region doped
with Si of order 1019 cm�3 to reduce the contact resis-
tance. The 20 nm SiN layer is used to passivate the
device, which reduces the parasitic capacitance and
enhances the device's frequency parameters.

FIGURE 1 (A) InAlN/AlN T-

gate with polarized buffer

(B) polarization induced doping
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The physics of polarization-induced doping in the buffer
is depicted in Figure 1B. The polarization charge discontinu-
ity across the heterojunction formed the fixed polarization
charges. When the Al composition changes from the AlGaN
to GaN, a negative polarization charge field is induced over
a bulk, the induced charge density is calculated by the diver-
gence of the polarization field, which changes along the
growth direction. Due to the charge neutrality, equivalent
holes are induced by the negative polarization charge field.
Hence bulk-free electrons are more deeply compensated by
the high-density polarization induced holes and significantly
reduce the buffer leakage current.

3 | EXPERIMENTAL
CALIBRATION AND MODELS

The simulation of the proposed device is carried out by
the Atlas-Silvaco simulator.30 Various physical models
such as Fermi-Dirac, high field mobility, Shockley-Read-
Hall, low field mobility, and polarization models are used
during the simulation. The two mobility models are
defined in Equation (1) and Equation (2), respectively.

1. High field mobility model30

μ Eð Þ¼
μ N,Tð ÞþVsat

E N1�1ð Þ
EC

N1

1þan E
EC

� �N2 þ E
EC

� �N1
ð1Þ

where vsat and E are the saturated velocity, and electric
fields of electrons and EC, an, N1, N2 are coefficients.

2. Low field mobility model30

1
μ T,Nð Þ¼ a

N

Nref

� �
T
300

� ��15

� ln 1þ3
T
300

� �2 N

Nref

� ��2=3
" #

þb
T
300

� �1:5

þ c
e1065=Tð Þ�1

ð2Þ

The mobility function of the ambient temperature
and doping is represented by μ (T, N).

3. Polarization model31

In GaN-based devices, the two types of polarization
have been induced, that is, piezoelectric and spontaneous
polarization. The total polarization model is defined in
Equation (3).

Ptotal ¼ PPEþPSP:ð Þ bottomð Þ½ �� PPEþPSP:ð Þ topð Þ½ � ð3Þ

For the In0.17Al0.83N/GaN, only spontaneous polarization
has been considered as the lattice of InAlN/GaN is mat-
ched. The complete lattice relaxation of the lattice has
been assumed for the graded buffer. Hence total polariza-
tion is spontaneous polarization without any piezoelec-
tric effect. The polarization gradient in the buffer layer
induces the space polarization charges, and the density of
these polarization charges is expressed by Equation (4).
Equation (5) exhibits the expression for the spontaneous
polarization, where x is the composition of Al.

ρP¼�r:P¼� ∂P
∂Z

ð4Þ
PSP AlxGa1�xNð Þ¼ x PSP: AlNð Þþ 1�xð ÞPSP: GaNð Þ ð5Þ

4. Fowler-Nordheim (FN) tunneling model32

FN-Tunneling is the tunneling of the electrons from
the metal/semiconductors to the conduction band of the
insulator. In the simulation, the off-state current is simu-
lated using the FN tunneling model. The expression of
FN-Tunneling is defined in Equation (6).

J¼ q3E2

8πh;exp �4 2mð Þ1=2;3=2
3hqE

" #
ð6Þ

where E,q,m,and; are the electric field, electronic
charge, mass of a free electron, and barrier height.

In Figure 2, the physical models have been cali-
brated with the experimental results of K. Shinohara

FIGURE 2 Calibration of

transfer characteristics of 20 nm T-

gate HEMT33
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et al..33 It has been observed that the experimental result
exhibits an outstanding agreement with the simulated
result.

4 | RESULTS AND DISCUSSION

4.1 | Band diagram

This section investigates the conduction band of the pro-
posed device at Vgs = 0 V. The band diagram explains the
electron confinement and 2DEG formation at AlN/GaN
interface. The discontinuity in the bandgap of
heterostructure gives rise to the band bending, which
forms the quantum well at the AlN/GaN interface. The
InAlN/GaN heterojunction has a large band discontinu-
ity and strong polarization effect, allowing the large
2DEG formation in the device. The 2DEG concentration
can be calculated using Equation (7).34

ns ¼ 1
dInAlNþdAlNð Þ
� σInAlN�dInAlN

e
þσAlN�dAlN

e
� ε xð Þε0

e2

�

� e;b xð ÞþEF x,ns xð Þ½ ��ΔEc,AlN=GaNþΔEc,InAlN=GaN xð Þ� �g
ð7Þ

where σInAlN,σAlN,dInAlN,dAlN,mInAlN,mAlN, mGaN,εInAlN,
εAlN,χInAlN, χAlN,χInN are the induce polarization charge
density, thickness, effective mass, dielectric constant, and
electron affinity of the InAlN, AlN layer. ;b xð Þ,EF is the
schottky barrier height and fermi energy level.
ΔEc,AlN=GaN and ΔEc,InAlN=GaN xð Þ is the conduction band
offset. The values of various parameters are depicted in
Table 1. Figure 3 exhibits the conduction band diagram
of the proposed device. The graded buffer region has the
polarization-induced negative space charge, making
the buffer potential upwardly convex and enhancing the
2DEG confinement. The interface charge density of the
proposed device is shown in Figure 4A. The total charge
density in the channel region is 2.8� 1013 cm�2 obtained.
It can be observed that 2DEG concentration depends
upon the polarization-induced sheet charge density.
The fabrication process flow of the proposed device is
depicted in Figure 4B.

4.2 | DC Characteristics

This section investigates the DC performance of the pro-
posed device. Figure 5A exhibits the drain current density
of the proposed device at Vds = 3 V is 2.8 A/mm and

1.3 A/mm at Vds = 1 V. The high current density is
achieved due to the higher mobility (1250 cm2/Vs) with a
larger carrier density (2.8 � 1013 cm�2) in the channel
region. The ultra-scaled devices have the one major issue
of short channel effect, particularly in 10 nm gate length.
SCEs are significantly reduced in the proposed device by
maintaining the high aspect ratio with gate recessed and
reducing buffer leakage current by polarization doping.
The subthreshold swing (SS) and drain induced barrier
lowering (DIBL) from the log scale are 78 mV/dec and
100 mV/V depicted in Figure 5B. The drain current den-
sity of variable recessed depth (Rd) is depicted in
Figure 5C. It has been observed that on increasing the
recessed depth from 2 to 5 nm, the threshold voltage is
shifted toward the positive side with a significant decline
in drain current. Figure 5D shows the high on/off ratio
107 for the recessed depth 5 nm at Vds = 3 V.

FIGURE 3 Conduction band diagram of the proposed

structure

TABLE 1 Values of parameters used in simulation

Parameters Values

σInAlN �4.189 � 1013 cm�2

σGaN �1.84 � 1013 cm�2

;s 2.8 eV

ΔEc,InAlN=GaN 0.8 eV

ΔEc,AlN=GaN 1.7 eV

mInAlN 0.25 mo

mAlN 0.32 mo

mGaN 0.20 mo

εInAlN 10.1

εAlN 9.5

χInAlN 2.5 eV

χAlN 2.1 eV

χInN 4.7 eV
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The transconductance characteristics of the proposed
device are depicted in Figure 6A. A higher peak of the
transconductance of 1.55 S/mm is obtained at Vgs = 1.4
and Vds = 3 V. Transconductance of the device is defined
as the change in drain current with change in gate volt-
age. Figure 5A shows the variation of drain current with
gate bias for Vds = 1 and 3 V. It has been observed that
for Vds = 1 V, the drain current starts saturating at
Vgs = 1 V, leading to degradation of transconductance at
earlier gate bias, whereas at Vds = 3 V, drain current is
still increased. The increment of drain voltage enhances
the lateral electric field and electron velocity in the chan-
nel, further enhancing the drain current.

Figure 6B shows the transconductance characteristics
of variable gate recessed depth. It has been observed that
transconductance increases by increasing the recessed
depth from 2 to 5 nm. This increment is because gate
controllability over a channel increases by increasing the
recessed depth, enhancing the transconductance, and
reducing the short channel effect. Figure 6C exhibits the
comparison of published data with our proposed work
for various gate lengths.35–39 The proposed device has a
more balanced DC characteristic which is highly required
for high power and high-frequency applications. The
breakdown voltage of HEMT devices is the essential
parameter for high RF applications. However, the gate

FIGURE 4 (A) Interface charge density of the proposed structure (B) fabrication process flow of proposed device

FIGURE 5 (A) Linear scale (B) log scale

(C) variable recessed depth, linear scale (D) variable

recessed depth, log scale drain current density of the

proposed device
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length below 50 nm significantly reduced the breakdown
voltage because of the high leakage current. In Figure 7A
graph of breakdown voltage with gate recessed depth is
shown. A higher breakdown voltage has been observed
for the 5 nm recessed depth. Figure 7B exhibits the break-
down characteristics of the proposed and conventional
device. The higher breakdown voltage, that is, 33 V, was
obtained for the proposed 10 nm T-gate InAlN/AlN
HEMT with a polarized doped buffer, which is 5 times
higher than the conventional InAlN/AlN GaN buffer
HEMT. The enhancement of the breakdown voltage in a
proposed device is because of the polarization-induced
doping in the buffer layer, which reduces the buffer leak-
age current. The breakdown voltage obtained for the pro-
posed device is the best among the literature for the
10 nm gate length HEMT.

4.3 | Microwave results

The microwave properties of the proposed device are
investigated in this section through S-parameter simula-
tion. These types of analysis are called small-signal anal-
ysis, as small input signals are required for the
characterization. The parameters investigation includes
cutoff frequency (fT), max oscillation frequency (fmax),
max. Stable gain (MSG), and Mason's unilateral gain
(MUG). All these parameters are directly calculated
from the S parameters by using the following
Equations.15

H21 ¼ �2S21
1�S11ð Þ� 2�S22ð Þ�S12�S21

				
				 ð8Þ

MUG¼ S21j j2
1� S11j j2
 �� 1� S22j j2
 �

 !
ð9Þ

MSG¼ S21j j2
S12j j2� K�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2�1ð Þ

q� �
ð10Þ

K¼ 1� S21j j2� S12j j2þ S11S22�S12S21j j2
2� S12j j2� S12j j2 ð11Þ

fT defines as the frequency at which forward current gain
(h21) becomes unity.40 Mason's unilateral gain (MUG) is
an important figure of merit used to investigate the max
oscillation frequency. MUG defines as the power gain of
two port networks where output to input feedback is
zero.41 Figure 8A exhibits the small-signal characteristics
of the proposed device at Vgs = 1.4 V and Vds = 3 V. The
fT and fmax are evaluated where current gain and unilat-
eral gain become 0 dB. The fT and fmax values 583 and
840 GHz are recorded for the proposed device. The rollett
stability factor and MSG are plotted in Figure 8B. It has
been observed that the device is unconditionally stable in
the cutoff frequency region and behaves as a stable

FIGURE 6 (A) Transconductance of the proposed device

(B) transconductance value for variable gate recessed depth

(C) comparison of transconductance value with published results

FIGURE 7 (A) Breakdown voltage

with gate recessed depth for the

proposed device (B) breakdown

characteristics of the proposed and

conventional device
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FIGURE 8 (A) Current gain and

unilateral gain (B) stability factor and

max. Stable gain of the proposed

structure

FIGURE 9 Exhibits the

calibration of microwave performance

parameter of 20 nm T-gate HEMT

FIGURE 10 (A) Cgs (B) Cgd

(C) Cutoff frequency of proposed

device with gate bias
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amplifier. Figure 9 shows the microwave performance of
experimental paper with simulated data.

In Figure 10, the impact of gate recessed depth on
parasitic capacitance and the cutoff frequency is investi-
gated at an operating frequency of 1 MHz

fT ≈ gm=2π CgsþCgd

 � ð12Þ

Figure 10A,B exhibit the plot of the gate to source capaci-
tance (Cgs) and gate to drain capacitance (Cgd) with gate
bias. For better RF performance, these parasitic capaci-
tances should be low. At lower gate voltage, there is a
slow increment in Cgs and Cgd, but at higher gate bias,
there is a quick increment in Cgs and Cgd due to the

enhancement of lateral electric field, which increases the
carrier movement from drain to the source side. For the
gate recessed 5 nm, a higher value of Cgs and a lower
value of Cgd is observed at higher gate bias. Figure 10C
exhibits the plot of cutoff frequency (fT) with gate bias.
From Equation (12), it is seen that fT depends upon trans-
conductance and parasitic capacitance. The higher value
of parasitic capacitance for recessed depth 5 nm detroit
the fT, but the higher value of gm significantly enhanced
the fT.

Figure 11A,B shows the graph of parasitic capacitance
with frequency for different gate lengths. It has been
observed that on reducing the gate length, the parasitic
capacitance is reduced. For gate length 10 nm lower value
of Cgd (140 fF/mm) and Cgs (350 fF/mm) has been observed

FIGURE 11 (A) Cgd (B) Cgs of

proposed device for different gate

length

FIGURE 12 (A) Variation of fT
/fmax with gate length (B) comparison

of fT/fmax of a proposed device with

published results

TABLE 2 Latest research work on

T-gate HEMT
Ref Year Lg (nm) Id (A/mm) gm (S/mm) fT fmax

[42] 2017 20 2.6 1.63 343 236

[36] 2017 30 2.1 1.05 350 340

[43] 2017 30 2.4 1.65 246 290

[15] 2019 10 2.5 1.43 524 758

[44] 2020 30 2.7 0.92 426 366

[45] 2020 30 0.6 0.2 50 150

[46] 2021 55 4.45 0.7 274 288

This work 10 2.8 1.55 583 840
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for the proposed device, which significantly uplifts the RF
performance of the device. Figure 12A exhibits the impact
of gate length on fT /fmax. On increasing the gate length, the
value of fT /fmax decreases due to the increment of parasitic
capacitance. Figure 12B compares the proposed device with
the various experimental and simulated results with differ-
ent gate lengths. The higher value of fT/fmax confirms that
the proposed structure is appropriate for high-power
millimeter-wave applications. The performance of a pro-
posed device with the latest research work is listed in
Table 2. Our proposed device shows the best results among
the various published results.

5 | CONCLUSION

This paper investigates the DC and RF characteristics of
10 nm T-gate E mode InAlN/AlN. The polarization-
induced doping in the buffer layer raises the buffer layer's
potential, which significantly enhances the 2DEG con-
finement and reduces the buffer leakage current. The
recessed T-gate structure further reduced the short chan-
nel effect (high on/off ratio 109, subthreshold swing
78 mV/dec, and DIBL 100 mV/V). The smaller 10 nm
foot length reduced the parasitic capacitance Cgd

(140 fF/mm), Cgs (350 fF/mm), and the highly doped
source-drain region reduced the contact resistance. The
above features in the proposed device significantly uplift
the DC and RF performance. The higher drain current
density (2.8 A/mm), transconductance (1.55 S/mm),
breakdown voltage (33 V), cutoff frequency fT (583 GHz),
and maximum oscillation frequency fmax (840 GHz). The
tremendous DC and RF performance of the proposed
device exhibits the potential for high-power millimeter-
wave applications.
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Abstract
In this paper, a novel recessed T-gate double channel HEMT with InGaN back barrier has been designed and studied. The 
double channel is formed by the AlN layer's insertion below the InAlN/GaN interface, enhancing the drain current density 
(2.5A/mm). However, double channel HEMT suffers from a lack of gate controllability, due to which device performance 
decreases. This problem has been resolved by using the InGaN as a back barrier which enhances the carrier confinement 
of 2DEG by raising the conduction band for the GaN buffer and significantly enhances the gate controllability over a lower 
channel. Precisely a brief comparison has been done of the proposed device with conventional double channel HEMT. 
Performance parameters like drain current  (Ids), transconductance  (gm), intrinsic gain  (Av), output conductance  (gd), early 
voltage  (VEA), TGF, parasitic capacitances  (Cgs,  Cgd), cut-off frequency  (fT), maximum oscillation frequency  (fmax), gain 
frequency product (GFP), transconductance frequency product (TFP), and gain transconductance frequency product (GTFP) 
have been investigated. Further, the improvement in linearity parameters such as VIP2, VIP3, IIP3, and 1-dB compression 
point has been observed by varying the back barrier distance from the lower channel.

Keywords Analog · Back barrier · Double channel · Heterostructure · Linearity · Recessed gate

1 Introduction

In recent years, the III-Nitride-based HEMTs attracted 
extensive attention in high power RF applications. The GaN 
material shows a high power output density than the GaAs 
at high frequency operation due to its larger bandgap, higher 
saturation velocity, and higher electron mobility [1–3]. Sev-
eral research papers have been published to enhance the per-
formance of AlGaN/GaN HEMTs [1–8]. To improve the RF 
performance of GaN HEMTs, the scaling of device dimen-
sion is required. The reduction of AlGaN barrier layer pro-
duces the unwanted strain at the lattice mismatched AlGaN/
GaN junction. The AlGaN layer successfully replaced by 
the lattice matched InAlN layer with Al composition 0.83 
[9] and significantly enhances the device performance. To 
achieve finer RF performance, it is important to reduce the 

gate length as the gate length reduces the parasitic capaci-
tance reduces  (Cgs,  Cgd), which significantly uplifts the RF 
parameters. Much work has already been done on T-gate 
single channel HEMT with different types of buffer and back 
barrier engineering. Dong Seup Lee et al. demonstrated the 
65 nm gate length passivated by  Al2O3 layer with a back 
barrier layer, exhibits the drain current 1.49 A/mm and  gm 
of 539 mS/mm [10]. Sarosij Adak et al. designed the p-GaN 
back barrier HEMT with 150 nm gate length and recorded 
the drain current density 1.24 A/mm,  gm of 589 mS/mm 
[11], 70 nm gate length HEMT with graded buffer designed 
by Tieching Han et al. recorded the drain current 1.4 A/
mm [12]. Although using the back barrier enhances the RF 
performance, but it also reduces the drain current density.

Double channel HEMTs (DC-HEMT) [13, 14] have 
recently emerged as a better alternative to single-channel 
HEMT. L. Ravikiran et al. demonstrated the AlGaN/GaN 
double heterojunction HEMT and exhibited the  fT/fmax 
22/25 GHz [15]. Nisha Chugh et al. show the polarization-
dependent charge control model for AlGaN/GaN DC-HEMT 
[14]. A DC-HEMT comprises two heterointerfaces which 
lead to forming the two 2DEGs. However, the DC-HEMT 
shows high current drivability due to the formation of two 
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channels which is advantageous in RF circuit design [16, 
17]. However, DC-HEMT suffers from the poor confine-
ment of 2DEG and poor gate controllability over the lower 
channel, leading to the severe short channel effect. We need 
some buffer engineering to restrict the spilling of 2DEG in 
the buffer. The InGaN back barrier engineering was very 
impressive [18, 19]. It effectively reduced the short channel 
effect by confining the 2DEG in channel region. The gate 
recessed engineering further enhances the gate controllabil-
ity over the channel and shift the threshold voltage toward 
the positive side.

This paper has proposed the recessed T-gate InAlN/AlN 
double channel HEMT with InGaN back barrier (DC-BB-
HEMT). The analog and RF performance of double channel 
HEMT with a back barrier and DC-HEMT without a back 
barrier has been investigated. It has been observed that the 
proposed device's analog and RF performance are improved 
by introducing the back barrier. The effect of back barrier 
distance from the lower channel on linearity parameters has 
also been investigated.

2  Device Structure

Figure  1 exhibits the schematic structure of recessed 
70 nm T-gate InAlN/AlN DC-BB-HEMT. All the param-
eters are defined in Table 1. The  Al2O3 layer passivates 
the device to reduce the parasitic capacitance. The drain 
and source regions are doped with Si of order  1020  cm−3 
to reduce the contact resistance. The first AlN layer placed 
below the InAlN layer enhances the mobility of 2DEG 
[20]. The distance between the first and second AlN layer is 
10 nm. The second AlN layer formed the second triangular 
quantum well at the interface of AlN (2)/GaN and formed 

the second channel. The 2 nm InGaN back barrier layer is 
placed below the lower channel to enhance the 2DEG con-
finement [18, 19].

3  Experimental Calibration and Models

The Atlas-Silvaco simulator has been used for simulating 
the proposed structure [21]. The models which are used in 
simulating the proposed structure are low field mobility, 
Fermi–Dirac, high field mobility, polarization, and Shock-
ley–Read–Hall model. The electron trapping mechanism has 
been calculated by the SRH model. The mobility models 
are used to calculate the scattering mechanism [21]. Both 
models are defined in Eq. (1) and (2), respectively.

1. High Field Mobility Model

  where E and  vsat are the electric fields and saturated 
velocity of electrons and  EC,  an,  N1,  N2 are coefficients.

2. Low Field Mobility Model
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Fig. 1  Proposed structure of InAlN/AlN T-gate DC-BB-HEMT

Table 1  Design parameters of DC-BB-HEMT and DC- HEMT

Device Parameter DC-HEMT DC-BB-HEMT

Gate length  (Lg) 70 nm 70 nm
Al2O3 passivation layer 10 nm 10 nm
Distance b/w two channels 10 nm 10 nm
Distance b/w lower channel and 

back barrier  (Tbb)
30 nm 30 nm

Source to gate length  (Lgs) 400 nm 400 nm
Gate to drain length  (Lgd) 1.5 µm 1.5 µm
Barrier layer (InAlN) 10 nm 10 nm
AlN layer 1 nm 1 nm
InGaN back barrier – 2 nm
GaN buffer 1.5 µm 1.5 µm
Source/drain doping 1 ×  1020  cm−3 1 ×  1020  cm−3

Gate width 2 × 50 µm 2 × 50 µm
Gate stem height 100 nm 100 nm
Gate head 400 nm 400 nm
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  where µ(T, N) is the mobility as a function of the dop-
ing and ambient temperature.

3. Total Polarization Model
  In GaN-based devices, the two types of polarization 

have been induced, i.e., piezoelectric and spontaneous 
polarization. The total polarization model is defined in 
Eq. (3) [22]:

  The above-mentioned models have been calibrated 
with the experimental paper of Han Tingting et al. [23]. 
Figure 2 exhibits the simulated and experimental  Id-Vg 
curve of 70 nm T-gate InAlN/GaN HEMT at  Vds = 5 V. 
It has been observed that the experimental result exhibits 
a good agreement with the simulated result.

4  Results and Discussion

4.1  Band Diagram and Electron Concentration

In this section, we have investigated the conduction band 
discontinuity and electron concentration of both devices. 
Figure 3 exhibits the conduction band diagram of both 
devices. Two quantum wells, i.e., primary quantum well and 
secondary quantum, are formed in the proposed device. The 
primary quantum well is generate at the interface of AlN (1)/
GaN. This quantum depth is relatively deeper, which gener-
ates the major upper channel region and accumulates the 
highest electron concentration. The second quantum well 
is formed at the interface of AlN (2)/GaN, which generates 
the second channel. In Fig. 3, it can be seen that in DC-BB-
HEMT, a sharp notch is formed at the back of the lower 
channel. This notch is formed by the induced polarization 

(3)Ptotal = [(PPE + PSP)(bottom)] − [(PPE + PSP)(top)]

charges between the InGaN and GaN, which raises the 
potential barrier and confines the electron in the channel 
region, thereby enhancing the gate controllability over the 
lower channel.

Figure 4 exhibits the charge distribution of DC-BB-HEMT. 
Piezoelectric and spontaneous polarization charges are induced 
at the interface of layers. Due to the polarization effect, nega-
tive and positive polarization charges are induced on each 

Fig. 2  Show the transfer characteristics of InAlN/AlN T-gate HEMT 
with  Lg = 70  nm,  Vd = 5  V and  Wg = 2 × 40  µm compare with the 
experimental data

Fig. 3  Conduction band diagram of DC-BB-HEMT & DC-HEMT

Fig. 4  Polarization charge distribution of each layer in DC-BB-
HEMT

Fig. 5  Electron concentration contour plot of a DC-BB-HEMT b DC-
HEMT
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layer's opposite sides. The value of these polarization charges 
is calculated using [22]. Figure 5a and b show the electron con-
centration contour plot of DC-BB-HEMT and DC-HEMT. The 
higher electron concentration has been observed at AlN (1)/
GaN heterojunction interface, which formed the major chan-
nel, whereas at the AlN (2)/GaN interface, the minor channel 
is formed. In Fig. 5a, the electron concentration below the 
lower channel is reduced more significantly than the Fig. 5b, 
which attributes to the fact that the insertion of InGaN layer 
restricts the diffusion and leakage of electron toward the buffer 
layer and considerably enhances the electron confinement.

4.2  Analog Performance of DC‑BB‑HEMT & 
DC‑HEMT

Figure 6 reflects the drain current characteristics for DC-BB-
HEMT and DC-HEMT devices. Initially, channel 2 is in ON-
state due to the lack of gate controllability over channel 2 in 
DC-HEMT, and the negative threshold voltage is observed. 
As the gate voltage is increased, channel 1 is turned on, which 
is a major channel as it has a higher 2DEG density. When 
channel 1 is turned on, it screened channel 2 and saturates 
the 2DEG in channel 2. The InGaN back barrier's presence 
enhances the 2DEG confinement, increases the gate control-
lability over channel 2, and significantly shifts the threshold 
voltage toward the positive side. The drain current density in 
DC-BB-HEMT is (2.2A/mm) is obtained at  Vgs = 3 V, which 
is about 16.6% lower than the DC-HEMT (2.59A/mm). This 
decrement of current density due to the shift of threshold volt-
age of DC-BB-HEMT (0.3 V) toward the positive side about 
1.5 V compared with DC-HEMT (− 1.8 V).

In this subsection, we have investigated the analog param-
eters such as  gm, TGF,  gd,  VEA, and  Av of the proposed device 
for the analog applications and compared them with the con-
ventional device. The mathematical formulation of these 
parameters is shown below [24]:

(4)gm = �Id∕�Vgs

Figure 7a shows the plot of transconductance with gate 
voltage for both devices. Transconductance is defined as the 
change in the drain current to the gate voltage at constant drain 
voltage. In Fig. 7a, double peaks, i.e., primary and secondary 
peaks, have been observed in the transconductance graph due 
to the formation of two channels. The higher primary peak 
is observed for the DC-BB-HEMT at  Vgs = 0.8 V due to the 
improvement of electron confinement and gate controllabil-
ity for channel 2 by the InGaN back barrier. Simultaneously, 
the secondary peak for both the devices is comparable, which 
shows that the InGaN back barrier layer does not affect chan-
nel 1. Figure 7b exhibits the plot of transconductance genera-
tion factor (TGF) for both devices. It is an essential analog 
parameter which is defined as the ratio of transconductance 
and drain current. TGF also expressed as available gain/dis-
sipate power [25, 26], where gain and power dissipation are 
represented by the  gm and drain current. The minimum value 
of TGF will lower the input driveability and dissipate the high 
power at the load. In Fig. 7b, at smaller  Vgs, high peak of TGF 
is obtained for DC-BB-HEMT (32  V−1), which is about 10 
times larger than the DC-HEMT (1.73  V−1). The TGF value 

(5)TGF = gm∕Id

(6)gd = �Id∕�Vds

(7)VEA= Id∕gd

(8)Av = gm∕gd = (gm∕Id) × VEA

Fig. 6  Drain current characteristics of DC-BB-HEMT and DC-
HEMT

Fig. 7  a Transconductance b TGF c Intrinsic gain d Early voltage for 
both devices
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is decreased as the gate bias increases, because of the enhance-
ment of drain current at higher gate voltage.

Figure 7c shows the variation of intrinsic gain with gate 
bias. The high peak of intrinsic gain for DC-BB-HEMT (4 dB) 
observed at  Vgs = 1.5 V. Intrinsic gain depends on the two fac-
tors: transconductance and output conductance. The decrement 
of output conductance significantly enhances the intrinsic gain 
of about 50% in the proposed device. Figure 7d exhibits the 
early voltage variation with gate bias for both structures. Early 
voltage is expressed as the ratio of drain current and output 
conductance. For better analog performance, both intrinsic 
gain and early voltage should be high. The early voltage for 
DC-BB-HEMT is 10 V observed, which is 53% higher than the 
DC-HEMT (6.5 V). This enhancement in the early voltage is 
because of the lower output conductance, which enhances the 
proposed structure's analog performance. The plot of output 
conductance for DC-BB-HEMT and DC-HEMT with drain 
bias is exhibited in Fig. 8. Output conductance calculates the 
driving ability of the device. At lower drain voltage, the higher 
value of output conductance is obtained. As the  Vds increases, 
the output conductance is decreased exponentially. Due to the 
higher gate controllability, minimum output conductance is 
observed for DC-BB-HEMT as compared to DC-HEMT. 

4.3  RF Performance of DC‑BB‑HEMT and DC‑HEMT

In this section, small-signal AC analysis has been performed 
with an operating frequency of 1 MHz for DC-BB-HEMT 
and DC-HEMT. All the RF parameters such as  fT,  fmax, GFP, 
GTFP, and TFP have been investigated. The mathematical for-
mulation of these parameters is listed below [26]: 

(9)fT ≈ gm∕2�(Cgs + Cgd)

(10)fmax = fT∕
√

4Rg(gds + 2�fTCgd)

(11)GFP = (gm∕gd) × fT

Figure 9a and b exhibit the plot of the gate to source 
capacitance  (Cgs) and gate to drain capacitance  (Cgd) with 
gate bias. For better RF performance, these parasitic capaci-
tances should be low. At lower gate voltage, there is a slow 
increment in  Cgs and  Cgd, but at higher gate bias, there is a 
quick increment in  Cgs and  Cgd because of the enhancement 
of lateral electric field, which enhances the carrier move-
ment from drain to the source side. The DC-BB-HEMT 
shows a lower value of  Cgs and  Cgd in comparison with the 
DC-HEMT. At the metal/InAlN interface, charges increase 
due to the higher sheet charge density in the quantum well, 
which enhances the capacitance for DC-HEMT.

Figure  9c exhibits the plot of cut-off frequency  (fT) 
with gate voltage. The cut-off frequency is defined as the 
frequency at which current gain reduces to unity. From 
Eq. (9), it is seen that  fT depends upon transconductance 
and parasitic capacitance. The double peak structure has 
been observed, the same as the transconductance curve 
Fig. 7a. The primary and secondary peaks are formed due 
to channel 2 and channel 1. The InGaN back barrier's pres-
ence increases the primary transconductance peak, which 
further enhances the cut-off frequency. The secondary 
transconductance peak is not affected by the InGaN back 
barrier, but the parasitic capacitance for the DC-BB-HEMT 
is lower, enhancing the cut-off frequency. The cut-off fre-
quency obtained for DC-BB-HEMT (153 GHz) is 11.7% 

(12)TFP = (gm∕Id) × fT

(13)GTFP = (gm∕gd) × (gm∕Id) × fT

Fig. 8  Output conductance for both devices Fig. 9  Variation of a Cgs b Cgd c fT d GFP for both devices
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higher than the DC-HEMT (136 GHz). In Fig. 9d, the gain 
frequency product (GFP) has been plotted against the gate 
bias. The GFP is another essential parameter for the high fre-
quency application. Initially, with increasing the gate volt-
age, GFP increases linearly and holds an optimum value, 
after that, it decreases in the saturation region. The higher 
peak of GFP obtained for DC-BB-HEMT is 526 GHz which 
is about 35.2% higher than the DC-HEMT (389 GHz). GFP 
improvement in DC-BB-HEMT is mainly due to the incre-
ment in cut-off frequency, transconductance, and reduction 
of output conductance.

Variation of the drain to source conductance  (gds) and 
maximum oscillation frequency  (fmax) with gate bias is 
shown in Fig. 10a and b. The maximum oscillation fre-
quency is defined as the frequency at which max unilateral 
gain reduces to unity. Equation (10) shows that the  fmax 
depends upon parasitic capacitance, drain to source conduct-
ance  (gds), and  fT. The 2 times higher  fmax is obtained for 
DC-BB-HEMT (92 GHz) in comparison with DC-HEMT 
(36 GHz) due to the lower parasitic capacitance  (Cgd),  gds, 
and higher  fT.

Variation of transconductance frequency product (TFP) 
with gate bias is shown in Fig. 10c. TFP is utilized in mod-
erate to high-speed design. In Fig. 10c, higher primary and 
secondary peaks are observed for the DC-BB-HEMT than 
the DC-HEMT due to the higher  gm,  fT, and lower  Id. Gain 
transconductance frequency product (GTFP) is another 
essential FOM that gives critical information regarding 
the circuit designing by determining the perfect region to 
achieve the tradeoff among the gain, transconductance, 
and device speed. In Fig. 10d, the higher value of GTFP is 

observed for DC-BB-HEMT (1310 GHz/V), which is about 
57% higher than the DC-HEMT (828 GHz/V). The improve-
ment of these parameters for DC-BB-HEMT is mainly due to 
the improvement of  gm and reduction of output conductance.

4.4  Linearity Analysis of DC‑BB‑HEMT for Variable 
Tbb

Figure 11a and b exhibit the drain current and transcon-
ductance characteristics for different  Tbb values. It has been 
observed that while increasing the BB distance from the 
lower channel, the drain current and transconductance char-
acteristics improved. As the back barrier distance increases 
from 10 to 30 nm, the drain current density also increases. 
A higher value of drain current is observed 2.3 A/mm for 
30 nm  Tbb. On increasing the back barrier distance, the sec-
ond quantum depth increases, which results in the enhance-
ment of 2DEG concentration. Improvement in transconduct-
ance characteristics on increasing the back barrier distance 
is basically due to the lower scattering and higher mobility 
of 2DEG. When the InGaN back barrier is placed near the 
lower channel, the mobility of 2DEG is badly affected by the 
back barrier due to the alloy disorder scattering mechanism.

The investigation of nonlinear parameters is very impor-
tant as they are the primary source of distortion. So to 
achieve high linearity, the nonlinear parameters should be 
low. The second- and third-order transconductance parame-
ters  (gm2,  gm3) are the nonlinear parameters. Figure 11c and 
d exhibits the plot of nonlinear parameters with gate volt-
age for different back barrier distance. It has been observed 
that by increasing the  Tbb from 10 to 30 nm, the nonlinear 
parameters are almost comparable, which shows increas-
ing the back barrier distance does not affect the nonlinear 
parameters. The linearity parameters are mathematically 
expressed as [27].

Fig. 10  Variation of a gds b fmax c TFP d GTFP with gate bias
Fig. 11  a Transfer characteristics b transconductance c gm2 d gm3 
for both devices
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VIP2 and VIP3 express the extrapolated gate voltage 
amplitude at which second- and third-order harmonics equal 
the fundamental tone in device current  (Ids). These FOMs 
can accurately investigate the distortion characteristics from 
DC parameters. In order to attain high linearity and low dis-
tortion, these parameters should be as high as possible. Fig-
ure 12a and b exhibit the graph of VIP2 and VIP3 with gate 
bias for different back barrier distance. It has been observed 
that by increasing the  Tbb from 10 to 30 nm, VIP2 and VIP3 
increase. The higher peak of VIP2 and VIP3 is observed 
65.3 V and 5.1 V for 30 nm  Tbb which is 2 times higher than 
the 10 nm  Tbb (29 V and 2.9 V). As shown in Eqs. (14) and 
(15), VIP2 and VIP3 parameters depend upon the transcon-
ductance and the second- and third-order transconductance. 
Due to the lower scattering disorder and higher mobility of 
2DEG, higher  gm has been obtained for 30 nm  Tbb.

Third-order input intercept point (IIP3) and 1-dB com-
pression point are other essential FOMs investigating linear-
ity performance. IIP3 exhibits the extrapolated input power 
at which first and third harmonics are equal. Figure 12c 
shows the variation of IIP3 with gate bias for variable  Tbb. 
The IIP3 parameter also increases on increasing the back 
barrier distance from the lower channel. The higher peak 
of IIP3 observed at  Vgs = 1.8 V is 51 dBm for 30 nm  Tbb 

(14)VIP2 = 4 ×
(

gm∕gm2

)

(15)VIP3 =

√

24 ×
(

gm∕gm3

)

(16)IIP3 = (2∕3) ×
(

gm∕
(

gm3Rs

))

(17)1 − dB compression point = 0.22 ×

√

(

gm∕gm3

)

which is about 10% higher than the 10 nm  Tbb (46 dBm). 
1-dB compression point is defined as the input power value 
at which the gain of the amplifier drops by 1-dB. The study 
of this parameter is essential for the amplifier circuit. It esti-
mates the maximum input power that the circuit can handle 
by providing a fixed amount of gain. As the input power 
surpasses the 1-dB compression point, then gain starts 
decreasing. Thus, it is important to have a high 1-dB point. 
Figure 12d exhibits the higher peak of 1 dB compression 
point for 30 nm (1.3 dB), which is 8 times higher than the 
10 nm (−8.1 dB) and emphasizes the superior linearity per-
formance of DC-BB- HEMT with 30 nm  Tbb. Thus, results 
reflect that RF harmonic distortion and linearity improve by 
increasing the InGaN back barrier distance from the lower 
channel.

5  Conclusion

The work presented in this paper concentrates on the impact 
of the InGaN back barrier on the analog/RF and linearity 
performance of the double channel T-gate HEMT. The pro-
posed device exhibited improved results as compared to the 
conventional device. For analog performance, intrinsic gain 
increased by 50%, TGF increased by 477%, and early voltage 
was enhanced by 23%. The cut-off frequency increased by 
11.7% for RF performance, maximum oscillation frequency 
raised by 10%, GFP, TFP, and GTFP increased by 36%, 44%, 
and 57%, respectively. The proposed device's linearity per-
formance with varying back barrier distance shows the 
improved results for the 30 nm back barrier distance. Thus, 
inserting the InGaN back barrier in double channel HEMT 
enhances the device's analog/RF performance. The careful 
optimization of the back barrier distance further enhances 
the device's linearity performance.
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Polarization induced doping and high-k passivation engineering on T-gate 
MOS-HEMT for improved RF/microwave performance 
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A B S T R A C T   

High electron-mobility transistors (HEMTs) based on III-nitrides are well-known as ideal choices for high-power, 
radio-frequency applications. HEMTs, on the other hand, must deal with the critical issues of the large gate and 
buffer leakage currents, which unavoidably restrict device performance and reliability. Here, we use HfO2 as a 
gate dielectric to mimic an InAlN/AlN meta-oxidesemiconductor high electron mobility transistor (MOS-HEMT) 
that can enhance the interfacial and transport characteristics and reduce the gate leakage current. Furthermore, 
polarization-induced doping in the buffer region is also implemented, enhancing the two-dimensional electron 
gas confinement by bending the conduction band upwardly convex, effectively reducing the buffer leakage 
current, and enhancing the breakdown voltage (35 V). The implementation of the above two engineerings 
significantly enhances the gain maximum oscillation frequency (246 GHz) and cut-off frequency (156 GHz). The 
simulated results of the proposed device design show its applicability for high RF/microwave applications.   

1. Introduction 

For many years, silicon technology has been the most important part 
of the semiconductor business. Nowadays, silicon-based devices such as 
nanowires [1,2], cylindrical gates [3,4], recessed channels [5-7], 
MOSFETs, and FinFETs [8-10] are reaching their theoretical operating 
limit, and so are not capable of achieving the performance expected by 
future RF and microwave applications. In addition, the poor carrier 
mobility and saturation velocity make it unsuitable for current elec-
tronic applications like television broadcasting and mobile communi-
cations. As a result, novel materials such as SiGe, SiC, and group III-V 
semiconductors have been researched as potential replacements for 
current silicon technology. The III-Nitride-based HEMTs have shown 
their dominance in radar, military, and telecommunication [11] due to 
the remarkable features of GaN devices, i.e., larger bandgap, greater 
breakdown voltage, and decent mobility thermal conductivity. 

Furthermore, the polarization effect in GaN HEMTs caused the cre-
ation of a two-dimensional electron gas (also known as 2DEG) at the 
interface between the two materials, boosting electron mobility and 
making the GaN-based device ideal for high-power applications. AlGaN/ 
GaN HEMTs have already shown their applicability for high-power ap-
plications. To increase the operating frequency of GaN HEMTs to be used 
in mm-wave devices, it is important to reduce the device’s size to the 

nanoscale range. The AlGaN/GaN heterostructure based on ultrathin 
barriers has continued to be a difficult task [12]. Enhanced polarization, 
improved thermal stability, and a significant increase in drain current 
density have been achieved in In0.17Al0.83N/GaN-based lattice-matched 
heterostructure [13]. Despite the significant increase in operating fre-
quency, HEMTs based on InAlN have a problem with a low breakdown 
voltage, high leakage currents, and severe short-channel effects. Many 
investigations have recently described the usage of metal- 
oxidesemiconductor (MOS) structures to minimize gate leakage cur-
rent and acquire considerable pinch-off characteristics. SiO2 [14,15], 
ZnO [16], Al2O3 [17], and ferroelectric material [18] have also been 
employed as gate dielectrics in nitride-HEMTs to create a more effective 
MOS structure. However, dielectric engineering increases the distance 
from the channel to the gate electrode, lowering the device’s trans-
conductance (gm). Recently, high-k materials such as HfO2 emerged as 
potential gate-insulating material that enhances the device’s stability 
and transport performance [19]. However, gate oxide engineering is not 
enough to enhance the device’s performance. To lower the leakage 
current from the buffer and raise the breakdown voltage of the device, 
some ingenious buffer engineering is also needed. 

This article focuses on gate and buffer engineering of the InAlN/GaN 
HEMT device. The proposed device surface is rendered passive by the 
HfO2 layer, which helps to reduce the parasitic capacitance. The source/ 
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drain region is highly doped, reducing the contact resistance. The 
introduction of HfO2 below the gate reduced the gate leakage current. 
Furthermore, constructive buffer engineering has been done. Initially 
used, Fe doping [20] is replaced by polarization-induced doping by 
changing the Al composition of AlGaN material in the buffer region. 
Although Fe or C doping in the buffer region enhances the resistivity in 
the buffer, it also creates deep-level acceptors that further increase the 
current collapse [21]. 

The polarization doping in the buffer layer acts as a blocking layer 
that hinders the 2DEG in the buffer region, effectively enhances the 
breakdown voltage (Vbr), and reduces the buffer leakage current. The 
collective implementation of the high-k gate dielectric and polarization- 
induce doping on the proposed structure enhances the device’s RF 
performance and makes it suitable for millimeter-wave applications. 
This article is broken down into the following sections: Section 2 dis-
cusses the construction of the device and the simulation models, Section 
3 discusses the possibility of fabricating the device, Section 4 analyses 
the device’s RF and microwave performance, and the paper concludes in 
Section 5. 

2. Device design and simulation model 

Fig. 1 illustrates the device’s two-dimensional structure. The design 
parameters are tabulated in Table 1. The T-shaped gate structure is used 
to reduce the parasitic capacitance of the device. Passivating the de-
vice’s surface with HfO2 improves the device’s radio frequency (RF) 
performance. A 5 nm HfO2 is introduced below the gate. AlGaN-graded 
buffer layer is used, which changes the Al composition from 0.2 to 
0 along the (0001) direction. The negative polarization charge field in 
the buffer was generated by this linear compositional change. Based on 
the polarization field’s divergence, we can calculate the induced charge 
density as -. 

ρ = − ∇ Â⋅ P = −
∂P
∂Z

(1)  

The negative polarization charge field induces corresponding holes 
because of charge neutrality. For this reason, the buffer leakage current 
is much reduced as the high-density polarization-induced holes more 
deeply compensate the bulk-free electrons. To carry out the proposed 
structure simulation process, we have used the Silvaco TCAD software 
[22]. Table 2 lists the models used in the simulation procedure [23]. 

3. Experimental calibration and fabrication feasibility 

In Fig. 2, the physical models are calibrated with the experimental 
paper [24]. The simulated and experimental results exhibit a definitive 
agreement. The unintentional n-type doping is involved in all simula-
tions with low density (1 × 1016 cm− 3). The acceptor-like traps with 
energy level and trap density 0.5 eV and 5 × 1016 cm− 3 below the 
conduction band are introduced. Moreover, the donor-like traps with 
energy level and trap density 0.42 eV and 3.86 × 1013 cm− 3 below the 
conduction band are also considered. The progression of the 
manufacturing process for the proposed structure is shown in Fig. 3. 

For the suggested device, there are two techniques for fabrication: 
bottom-up and top-down. The epitaxial stack (InAlN/AlN/GaN/AlGaN) 
is grown on the SiC substrate utilizing the bottom-up technique. From 
the top down, gate patterning and source/drain mesas are created. The 
molecular beam epitaxy (MBE) is used to build the epitaxial stack [25]. 
MBE with a SiO2 growth mask is used to produce the ohmic source/drain 
n++ GaN areas [26]. The HfO2 gate dielectric with a thickness of 5 nm is 
deposited using tetrakis dimethyl amido-hafnium [27]. After that, a T 
gate is formed with the use of electron beam lithography [28]. Finally, a 
buffered oxide etchant was used to remove the HfO2 from the gate-drain 
and gate-source regions. A 20-nm HfO2 layer was then deposited to 
passivate the surface. 

Fig. 1. (a)T-gate HEMT with GaN buffer (b) Proposed T-gate MOS-HEMT with polarized doped buffer.  

Table 1 
Design Parameters of PD-MOS-HEMT.  

Parameters Values 

Buffer layer 1.5 µm 
Channel layer 30 nm 
Spacer layer 1 nm 
Barrier layer 10 nm 
Passivation layer (HfO2) 20 nm 
Drain/source doping 1 × 1020 cm− 3 

Gate to source length 400 nm 
Gate to drain length 1 µm 
Gate oxide (HfO2) 5 nm 
Gate width 100 µm 
Gate length 70 nm  
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4. Results and discussion 

4.1. Conduction band 

The conduction band of the polarization-doped MOS-HEMT (PD- 
MOS-HEMT) at zero gate bias is exhibited in Fig. 4. The band diagram 
explains the electron confinement in the channel region and 2DEG for-
mation at AlN/GaN interface. The heterostructure’s bandgap disconti-
nuity causes band bending; a quantum well is generated at the AlN/GaN 
interface because GaN’s conduction band is below the Fermi level, as 
illustrated in the inset graph Fig. 4. The electrons that live in the well are 

constrained to behave in accordance with the properties of electron 
waves. The device can construct a 2DEG due to the large band discon-
tinuity and strong polarization effect caused by the InAlN/GaN hetero-
junction. Using Eq. (2) [23], we can determine the 2DEG concentration. 

ns =
1

(dInAlN + dAlN)
× {

σInAlN × dInAlN

e
+

σAlN × dAlN

e
−

ε(x)ε0

e2 × {e∅b(x)

+ EF[x, ns(x)] − ΔEc,AlN/GaN + ΔEc,InAlN/GaN(x)}} (2)  

Furthermore, polarization doping in the buffer region effectively raises 
the buffer potential and reduces the buffer leakage current. 

4.2. DC and RF characteristics 

Fig. 5 depicts the drain current and transconductance characteristics 
for four different structures: conventional HEMT (GaN-HEMT), high k 
dielectric MOS-HEMT, polarization doped HEMT(PD-HEMT), and pro-
posed structure (PD-MOS-HEMT). It has been observed that the insertion 
of HfO2 below the gate significantly shifts the threshold voltage toward 
the positive side, as shown in Fig. 5(a). This shift is due to the reduction 
of the gate-to-channel distance. The polarization-induced doping in the 
buffer region reduced the off-state current (10-13), as shown in Fig. 5(b). 
The polarization doping in the buffer layer acts as a blocking layer that 
hinders the 2DEG in the buffer region, effectively suppressed the buffer 
leakage current. The transconductance curve for all four devices is 
shown in Fig. 5(c). It can be observed that the insertion of a high k gate 
dielectric significantly enhances the transconductance by about 170 % 
as compared to the conventional HEMT due to the high gate leakage 
blocking ability. Whereas 51 % enhancement in transconductance is 
observed for PD-HEMT. Hence the collective engineering of high k gate 
dielectric and polarization induces doping in the buffer region in the 
proposed structure (PD-MOS-HEMT), significantly shifts the threshold 
voltage positive side, reduces off current (10-14), and enhances the 
transconductance (900 mS/mm) about 215 %. 

For different drain voltages, the drain current and transconductance 
are shown in Fig. 6(a, b). With the increase in drain voltage by 3 V, the 
drain current and transconductance rise. The channel region’s lateral 
electric field and electron velocity improve as drain voltage rises. Fig. 6 
(c) exhibit the breakdown characteristics for both structure. For RF 
applications, the most important metric to consider is the breakdown 
voltage. Compared to the GaN- HEMT, the PD-MOS-HEMT has a much 
greater breakdown voltage (35 V). The increment in breakdown voltage 
is because of the presence of polarization-induced negative charges that 
uplift the conduction band of the buffer layer and constrain the spilling 
of 2DEG into the buffer. Because of this, the leakage current in the buffer 
dramatically decreased. 

Fig. 7(a) shows the gain frequency product (GFP) plot with the gate 
bias. The value of GFP increases linearly with gate bias; afterward, it 
decreases at high gate voltage. A PD-MOS-HEMT has a greater GFP 
value, which is 91.1 % higher than a GaN-HEMT. The mathematical 
formulation of GFP is expressed by Eq. (3) [29]. Improvement in GFP 
value for the PD-MOS-HEMT is due to the higher value of gm, Ft, and 
lower gd of the PD-MOS-HEMT. Fig. 7(b) exhibits the transconductance 
frequency product (TFP) graph with gate voltage. TFP depends upon the 
gm and Ft parameters. The higher value of gm and Ft of the PD-MOS- 
HEMT leads to enhancing the TFP value, which is three times higher 
than the GaN-HEMT. Fig. 7(c) exhibits the gain transconductance fre-
quency product (GTFP) graph. There is shown to be a high peak of GTFP 
for a PD-MOS-HEMT, which is seen to be four times greater than the 
GaN-HEMT. Increased GTFP in PD-MOS-HEMTs may be attributed to 
their enhanced transconductance and decreased gd. The mathematical 
expression of TFP and GTFP is expressed by Eq. (4–5) [30,31]. 

GFP =

(
gm

gd

)

× Ft (3)  

Table 2 
Physical Models [22].  

Models Formula used Explanation 

Mobility Model 
(High Field) μ(E) =

μ(N,T) + Vsat
E(N1 − 1)

EC
N1

1 + an

( E
EC

)N2

+
( E

EC

)N1 

The electric 
field 
accelerate the 
holes and 
electron due 
to which they 
lose their 
momentum 
and lead to 
the scattering 
process. 
Therefore, 
mobility 
models have 
been used to 
calculate the 
scattering 
mechanism in 
the device 

Mobility Model 
(Low Field) 

1
μ(T, N)

= a
( N

Nref

)(
T

300

)− 15
×

ln
[

1+3
( T
300

)2( N
Nref

)−
2
3
]

+ b
( T
300

)1.5
+

c
(e1065/T) − 1 

The Albrecht 
model is used 
for the low 
field mobility. 
The ALBRCT 
statement is 
used to 
specified the 
model. 

Polarization 
Model [23] 

Ptotal =

[(PPE + PSP.)(bottom) ] − [(PPE + PSP.)(top) ]
The wurtzite 
crystal 
structure of 
III-nitrides is 
pyroelectric 
in nature. 
They possess 
the two types 
of 
polarization:- 
piezoelectric 
(PPE) and 
spontaneous 
(PSP)

polarization.   

Recombination 
Model RSRH =

pn − ni
2

τp

[
n + niexp

(Etrap

kT

)]

+ τn

[

p + niexp
(
− Etrap

kT

)]

Shockley- 
Read-Hall 
(SRH) 
investigates 
the electron 
trapping 
process at 
each trap 
level 

Impact 
Ionization G =

∝n|Jn | + ∝p
⃒
⃒Jp
⃒
⃒

q 
Impact 
ionization 
model is used 
to investigate 
the device 
breakdown 
voltage.  
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TFP =

(
gm

Id

)

× Ft (4)  

GTFP =

(
gm

gd

)

×

(
gm

Id

)

× Ft (5)  

4.3. Small signal analysis 

This section studies the small-signal behavior of the PD-MOS-HEMT 
at a higher frequency. The S-parameter measurement is the best way to 
study the transistor’s small-signal behavior at high frequencies. The S11 
and S22 parameters measure the port’s input and output reflection co-
efficients. These parameters determine how well the port impedance and 
the terminating impedance line up. In most RF circuits, matching is 
essential. The reflection coefficient becomes zero when the reflected 
wave matches perfectly. Fig. 8(a, b) exhibits the input and output 
reflection coefficients of PD-MOS-HEMT and GaN-. 

HEMT. It has been witnessed that the input and output coefficient 
declines at a higher frequency, and this reduction is higher in PD-MOS- 
HEMT. The reflection coefficient lowers when the port’s matching im-
proves due to lower reflected power. Fig. 8(c, d) exhibits the graph of 
reverse and forward transmission coefficients (S12, S21) for both de-
vices. These transmission coefficient increases for PD-MOS-HEMT. Fig. 9 
(a, b) depicted the variation of current gain (h21) and unilateral power 
gain (U) with frequency for both structures. Eq. (6–7) expresses the 
mathematical expression of current and unilateral power gain in S-pa-
rameters [32-36]. 

Fig. 2. (a) Transfer Vds = 7 V (b) Vgs = -3V, − 2V output characteristics of experimental and simulated results.  

Fig. 3. Fabrication flow of PD-MOS-HEMT.  

Fig. 4. Conduction band diagram of PD-MOS-HEMT.  
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h21 =

⃒
⃒
⃒
⃒

− 2S21

(1 − S11) × (2 − S22) − S12 × S21

⃒
⃒
⃒
⃒ (6)  

U =

(
|S21|

2

(
1 − |S11|

2 )
×
(
1 − |S22|

2 )

)

(7)  

Gma =
Pload max

Psource max
(8)  

K =
1 − |S21|

2
− |S12|

2
+ |S11S22 − S12S21|

2

2 × |S12|
2
× |S12|

2 (9)  

MSG =
|S21|

2

|S12|
2 ×

(

K ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
K2 − 1

)√ )

(10)  

The device’s Ft and Fmax are obtained when current and unilateral power 
gain reaches unity. The inset bar graph of Fig. 9(a, b) exhibits the Ft 
(156 GHz) and Fmax (246 GHz) for PD-MOS-HEMT, which is 56 % and 
75 % more efficient than the GaN-HEMT. Fig. 9(c) exhibits the graph of 

Fig. 5. (a) Drain current (b) log scale (c) Transconductance for different devices.  

Fig. 6. (a) Drain current (b) transconductance for variable drain voltage (c) breakdown voltage.  

Fig. 7. Comparison of (a) GFP (b) TFP (c) GTFP for both the structures.  
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the device’s maximum stable and available power gain Gms and Gma. 
The expression of Gma is defined by Eq. (8) [37]. For RF amplifier 
design, the study of Gma and Gms is important. Fig. 9(c) shows that Gma 
and Gms get enhanced by 50 % and 40 % for the PD-MOS-HEMT. 

A microwave transistor can amplify or sustain the oscillation A mi-
crowave transistor can amplify or sustain oscillation in the circuit. 
Whether the transistor in the circuit oscillates or not depends upon the 

input and output load impedance. The choice of stability of the device is 
important while designing the amplifier; otherwise, the amplifier will 
turn into an oscillator. R.F. transistors whose operating frequency 
greater than the critical frequency (fk) are unconditionally stable, and if 
the operating frequency is lower than the fk, then. 

the transistor is conditionally stable. The rollett stability factor (K >
1) is the sufficient condition for the device’s stability [34]. The K value 

Fig. 8. S- parameters (a) S11 (b) S22 (c) S12 (d) S21 for both the structures.  

Fig. 9. Variation of (a) current gain (b) unilateral gain (c) Gma and Gms (d) MSG and stability factor for both the structures.  
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indicates whether the device oscillates or not. The K > 1 shows the 
conjugate matching of input and output loads. This is the standard sta-
bility criteria, and the circuit is unconditionally stable. Once the stability 
condition is satisfied, the maximum stable gain (MSG) is calculated 
using the stability factor and S parameters, as shown in Eq. (9, 10). The 
stability factor and MSG for PD-MOS-HEMT and GaN-HEMT are 
demonstrated in Fig. 9(d). A 75 % improvement in MSG is observed for 
PD-MOS-HEMT, whereas a high stability factor is observed for GaN- 
HEMT. The stability factor PD-MOS-HEMT is K > 1 for high frequency 
and K < 1 for low frequency, which is suitable for designing the 
amplifier. 

5. Conclusion 

This work explored the performance analysis of high-k passivated 
InAlN/AlN/polarization doped buffer MOS-HEMT. The RF/microwave 
performance of the device is greatly improved by using high-k dielectric 
and polarization-doped engineering in the buffer zone. The simulation 
results showed a five times enhancement of breakdown voltage, 91 % 
improvement in gain frequency product, four and three times 
enhancement in gain transconductance frequency product and TFP, 56 
% and 75 % improvement in Ft and Fmax. The five times enhancement in 
maximum available gain and 40 % increment in maximum stable gain 
have been observed for PD-MOS-HEMT. The simulation findings 
revealed that the PD-MOS-HEMT is an appropriate candidate for RF/ 
microwave applications. 
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A B S T R A C T   

Small signal behavior and RF noise performance of T-gate InAlN/GaN HEMT with polarization 
doped buffer (PDB-HEMT) have been examined in this paper and compared to conventional 
HEMTs at GHz frequency range. Enhancement mode operation is possible in the PDB-HEMT 
device, which has a recessed T-gate structure with a gate length of 10 nm and delivers the 
threshold voltage (Vth) of 0.9 V and a high transconductance of 1.55 S/mm. This study examines 
the auto/cross-correlation factor, minimum noise figure, reflection/transmission coefficients, 
noise conductance, and optimal noise resistance and reactance. The enhanced transconductance 
of PDB-HEMT has resulted in a considerable increase in the forward transmission coefficient and a 
decrease in the input/output reflection coefficient compared to traditional HEMTs. It has also 
been shown that the PDB- HEMT has a lower noise figure and noise conductance than the GaN 
buffer HEMT by 57% and 20%, respectively. This research demonstrates that the T-gate polari-
zation doped buffer (PDB-HEMT) structure is an excellent choice for Low Noise Amplifiers (LNA) 
operating at higher frequencies.   

1. Introduction 

In every wireless communication system, Low Noise Amplifiers (LNAs) are the building blocks. LNA is used to enhance extremely 
weak signals that are picked up by an antenna. Regarding LNA design, there are four key considerations: gain, noise figure, non- 
linearity, and impedance matching. One of the most critical aspects of a low-noise amplifier’s performance is its noise figure [1]. 
Thus, we can determine which LNA best suits a certain application. When a Low Noise Amplifier (LNA) does not have a high gain, noise 
in the LNA circuit might impact the signal and even attenuate it. Gain and noise figures are balanced via input-matching circuits. 
Through the use of scattering parameter analysis, the circuit’s gain, noise figure, and stability circle were all calculated. The initial 
stage of the amplifier must have a high amplification level to reduce the amount of noise. 

GaN-based HEMTs are a particularly ideal choice for such applications because of unique material properties like greater bandgap 
energy, higher electron saturation velocity, higher electron density, and higher breakdown voltage [2,3] when compared to existing 
materials such as gallium arsenide (GaAs). In addition, the polarization property of GaN material led to the formation of a 2DEG at the 
AlGaN/GaN junction [4]. Because of this improvement in electron mobility, the GaN device became a fantastic option for use in 
high-power settings applications. The superior microwave properties of the AlGaN/GaN HEMT [5–12], together with its low noise and 
high power microwave performance, as well as its high current drive capabilities, drew attention to its use in low noise applications. In 
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the context of wideband robust receiver applications, various AlGaN/GaN HEMT-based LNAs were created [13–15]. GaN HEMTs have 
made significant progress in their development for usage in LNAs, with results showing NFmin values of 1.6 dB at 30 GHz [16] and 1.2 
dB at 20 GHz [17] when using a gate length of 100 nm. Shinohara et al. reported a good NFmin of around 0.5 dB at 30 GHz, which 
exhibited the cut-off frequency (fT) of 400 GHz and maximum oscillation frequency (fmax) of 500 GHz using 20-nm T-gate AlGaN/GaN 
HEMTs [18]. Although AlGaN/GaN HEMTs have seen a large rise in operating frequency, they still suffer from strain issues [19]. When 
the thickness of the AlGaN barrier is decreased, there is an inevitable strain produced at the junction of AlGaN and GaN. This problem is 
effectively minimized by using a lattice-matched InAlN layer [20]. The HEMTs that are based on InAlN and AlN make it possible for the 
device to scale aggressively, which increases the fT and decreases the short-channel impact (SCE) [21]. Though the InAlN/AlN T-Gate 
HEMTs claimed to have numerous benefits, they also had one significant drawback: 2DEG spilling from the channel into a buffer, 
which lowers the device’s mobility and reliability [22]. Therefore, the performance of InAlN HEMTs has to be made more resilient by 
implementing creative buffer engineering. Polarization doping, which may be achieved by grading the AlGaN layer, has recently 
gained popularity and is seen as a superior option [23]. This has already been shown in our prior study that implementation of po-
larization doping in the buffer region of InAlN/AlN T-gate HEMT significantly enhances the fT and fmax of the device [24]. 

The small-signal behavior and noise FOMs of InAlN/AlN T-gate HEMT with polarized doped buffer are investigated in this study by 
employing the ATLAS SILVACO simulator. The following subheadings constitute the various sections of this article: Section 2 analyses 
the simulation models and device construction; Section 3 and 4 addresses the feasibility of fabrication of the device and the perfor-
mance of the device in terms of small signals and noise; and Section 5 provides a conclusion to the article. 

2. Device design and simulation models 

Fig. 1(a and b) depicted the conventional GaN-HEMT and proposed PDB-HEMT’s schematic structure. The dimensions of both 
devices are the same. The proposed device consists of a 1 μm AlGaN buffer layer with a linear reduction in aluminum concentration 
from 0.2 to 0 in the (0001) direction, a 20 nm GaN channel layer, a 1 nm AlN spacer layer, and 6 nm lattice-matched InAlN barrier 
layer. The smaller foot length and bigger gate area of the T-shaped construction (gate length = 10 nm, gate width = 50 μm) reduce gate 
resistance and capacitance. Reduction in contact resistance is achieved by doping source and drain regions with Silicon. The spacing 
between the source-drain region is 1 μm. To minimize parasitic capacitance and improve the device’s RF characteristics, the circuit is 
passivated by the 20 nm SiN layer. Silvaco TCAD software was used to simulate the device [25]. The high and low field mobility model, 
polarization, and SRH recombination models have been used in the simulation procedure [25]. 

3. Experimental calibration and fabrication feasibility 

Fig. 2 shows how the physical models match the experimental results [26]. The acceptor and donor-like traps with energy levels 
0.5eV, 0.42eV, and trap density 5 × 1016 cm− 3, 3.86 × 1013 cm− 3 are considered below the conduction band to fit the experimental 
2DEG density. The agreement between the simulated and experimental outcomes is remarkable. Fig. 3 depicts the proposed structure’s 
fabrication process. Two fabrication methods exist for the proposed structure.: top-down and bottom-up. The epitaxial stack is 
fabricated via molecular beam epitaxy (MBE) [27]. The InAlN/AlN/GaN/AlGaN epitaxial stack is grown utilizing the bottom-up 
technique on the SiC substrate. To create the n++ GaN ohmic source/drain regions, MBE is utilized with a SiO2 growth mask [28]. 
By using plasma-enhanced chemical vapor deposition (PECVD), the passivation layer is deposited on top of the epitaxial stack. 
Following are the stages involved in making the T-gate. To define the gate, electron beam lithography (EBL) is employed and partly 
recessed the gate foot into the barrier layer by dry etching [29]. 

Fig. 1(a). GaN-HEMT (b) PDB-HEMT  
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4. Results and discussion 

Fig. 4 depicts the transfer characteristics of the proposed polarized doped buffer HEMT (PDB-HEMT) and conventional GaN-HEMT. 
In comparison to the conventional ones, the PDB-HEMT exhibits a lower drain current (2.56 A/mm) and a greater transconductance 
peak (1.55 S/mm) at Vgs = 1.4 V. The suggested structure exhibits a dramatic increase in transconductance at the pinch-off area, which 
shows the lower subthreshold current in the device. 

Fig. 2. Comparison of simulated and experimental data.  

Fig. 3. PDB-HEMT calibration process.  

Fig. 4. Transfer characteristics for both the structure.  
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4.1. Small signal analysis 

The scattering (reflection and transmission coefficients) properties of PDB-HEMT at Vgs = 1.4V and GaN-HEMT at Vgs = 1.8V are 
examined at fixed drain bias voltage of 3V. We have chosen these gate voltages because the transconductance peak is observed for PDB- 
HEMT at Vgs = 1.4 V and for GaN buffer at Vgs = 1.8 V as shown in Fig. 4. 

One of the greatest ways to look into the high-frequency small-signal behavior of HEMTs is via measurements of their S-parameter. 
Networks that operate at microwave frequencies often use S-parameters because it is simpler to compute signal power and energy at 
radio and microwave frequencies than currents and voltages. The input/output reflection coefficient is defined as [30]. 

S11 = reflection wave at port 1
Incident wave at port 1 , where port 2 terminated on the characteristic impedance 

S22 = reflection wave at port 2
Incident wave at port 2 , where port 1 terminated on the characteristic impedance 

These parameters evaluate the matching between the terminating impedance and the port. For RF circuit design, matching is 
required, and a perfectly matching condition occurs when the reflection coefficient reduces to zero [31]. Hence, a lower value of S11 
and S22 is required for better RF performance. In Fig. 5(a and b), the lower value of S11 and S22 is obtained for the PDB-HEMT. The 
reduction of the S11 parameter in PDB-HEMT is due to the reduction of source resistance and gate resistance in PDB-HEMT, which is 
27.7% and 67.6% lower than the Gan-HEMT as shown in Fig. 6(a and b). The lower value of gate and source resistance increases the 
coupling between the input and output port and decreases the S11 parameter. The higher value of drain resistance, transconductance, 
and lower channel resistance reduce the S22 parameter. However, in PDB-HEMT lower drain resistance is observed which is 13% lower 
than the Gan-HEMT as exhibited in Fig. 6(c), and higher channel resistance is observed which is 7% higher than the GaN-HEMT as 
shown in Fig. 7(b), which lead to increase the S22 parameter, but the higher transconductance is observed in Fig. 6(d) which is 30% 
higher than the GaN-HEMT and reduced the S22 parameter. 

The amount of feedback an amplifier receives from its output to its input is measured by the reverse isolation parameter S12, which 
affects the amplifier’s supremacy in terms of its stability at high frequency. The magnitude and phase change of the reverse and 
forward transmission coefficients (S12, S21) for both devices is exhibited in Fig. 5 (c, d). For better RF performance, the S21 pa-
rameters should be high and the S12 parameter should be as low as possible to reduce the feedback of the output signal to the input 
port. Fig. 5(c) shows the improvement in the S21 parameter for PDB-HEMT which is 69% higher than the GaN-HEMT. This 
enhancement is due to the polarization-doped buffer engineering in the proposed structure. The polarization-doped buffer engineering 
caused a negative polarization field in the buffer, which limited the electrons to a shallower depth range and enhanced gate 

Fig. 5. Variation of magnitude and phase of (a) input (b) output reflection coefficient (c) forward (d) reverse transmission coefficient.  
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controllability. Because of this, the transconductance increases, which ultimately leads to an improvement in the S21 parameter. 
However small increment in the S12 parameter is also observed for PDB-HEMT which is 8% higher than the GaN-HEMT. 

Fig. 7(a and b) exhibits the graph of parasitic capacitance i.e., gate to source capacitance (Cgs), gate to drain capacitance (Cgd), gate 
capacitance, and gate capacitance (Cgg) for both devices. The lower value of parasitic capacitances is observed for PDB-HEMT which 
enhances cut off frequency (fT) and maximum oscillation frequency (fmax) of the device. Fig. 7(b) exhibits the graph of channel 
resistance for both devices. It has been observed that in PDB-HEMT channel resistance increases by 7% as compared to GaN-HEMT. 
This enhancement of channel resistance is due to the lower 2DEG density in PDB-HEMT. However, enhancement in channel resistance 
adversely affects the fmax of the device but a higher value of transconductance and lower parasitic capacitance overcome this effect. 

When the device’s current and unilateral power gain are both unity, the device’s fT and Fmax are calculated. The PDB -HEMT’s fT 
(583 GHz) and fmax (840 GHz) are displayed in Fig. 8(a and b), and they are 40% and 75% more efficient than the conventional device. 

Fig. 6. Bar graph of (a) Source resistance (b) Gate resistance (c) drain resistance (d) Transconductance for both the devices.  

Fig. 7. Variation of (a) gate to drain and source capacitance (b) gate capacitance and channel resistance for both the structures.  

Fig. 8. Variation of (a) current gain (b) unilateral power gain for both the structures.  
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4.2. Noise analysis 

The two-port noisy network is often required to investigate internal sources of noise [32], as seen in Fig. 9. It is possible to replace a 
linearly noisy two-port network with a noise-free network having a noise current and voltage source. There is a correlation between 
these two noise sources in real devices [33]. The noise parameters of the general circuit are obtained from the measurement conducted 
on two-port networks. The noise performance of the PDB-HEMT is examined with the help of the two port circuits by using the 
following parameters: NFmin (the least noise figure), the noise conductance (Gn), optimum source impedance (Zopt), and the 
auto/cross-correlation function. The optimum source impedance (Zopt) is the impedance that gives the minimum noise figure [34]. Zopt 
is a complex number that has both real and imaginary values, as expressed in Eqn. (1). 

Zopt =Ropt + jXopt (1)  

The real value of Zopt is optimum source resistance (Ropt), and the imaginary part of Zopt is optimum reactance (Xopt) as expressed by 
Eqn. (2) and (3) [35]. Where P and R are the noise coefficient and Cr is the correlation factor [36]. 

Ropt =
1

ωCgs

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

gm
(
Rgs + Rs

)
+ R

(
1 − C2

r

)

P

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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GS

(
Rgs + Rs

)2
√

(2)  

Xopt =
1

ωCgs

(

1 − Cr

̅̅̅
R
P

√ )

(3) 

Fig. 10(a) depicts the variation of Ropt and Xopt with frequency for both devices. The optimum source resistance and reactance value 
drop with increasing frequency and become saturated at a higher frequency. The impact of gate voltage on optimum source resistance 
(Ropt) and optimum reactance (Xopt) is depicted in Fig. 10(b and c). The optimum source resistance increases with gate voltage due to 
the enhancement of carrier concentration at the channel region. Moreover, Ropt is constant at the MHz frequency region and decreases 
at a greater frequency region, as depicted in Fig. 10(b). The inset graph of Fig. 10(b) exhibited the optimum source resistance at a 
higher frequency region. The optimum reactance versus frequency for. 

different gate voltages are exhibited in Fig. 10(c). At the lower 
frequency range, the optimum reactance increases with the frequency due to the recombination of charge carriers [37], and a 

higher peak of Xopt is observed for Vgs = 1.4V; after that, there is a downward swing in Xopt. The inset graph of Fig. 10(c) shows the 
value of Xopt at a higher frequency range. 

One of the essential metrics used to evaluate the performance of a low-noise amplifier (LNA) is noise conductance (Gn), expressed 
by Eqn. (4). Where SI is the drain current noise spectral density, and Ta is the reference temperature 290K. 

Gn =
SI

4KBTa|Y21|
2 (4) 

The power spectral densities of noise current generators are often estimated using noise conductance. RF and low-noise amplifiers 
(LNAs) need low-noise conductance [38]. The fluctuation of noise conductance with frequency for both devices is shown in Fig. 11(a). 
At 583 GHz frequency, the PDB-HEMT exhibits a lower noise conductance, which is 20% lower than the GaN-HEMT. Fig. 11(b) shows 
how the gate voltage affects the noise conductance. The flat Gn response is observed at the lower frequency region and linearly in-
creases at a higher frequency. The lower noise conductance is observed at Vgs = 1.4 V. 

The mathematical expression of the noise figure for a two-port network is depicted by Eqn. (5) [39]. 

NF =NFmin +
Rn

Gs

(
Gs − Gopt

)2
+

Rn

Gs

(
Bs − Bopt

)2 (5) 

The optimal source susceptance and conductance are expressed by Gopt and Bopt [40]. The minimum noise figure (NFmin) is 

Fig. 9. The equivalent noise circuit.  
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obtained when Gs = Gopt and Bs = Bopt. The frequency-dependent fluctuation of NFmin for both devices is shown in Fig. 11(c). The 
reduction in NFmin is noticed for PDB-HEMT compared to the conventional HEMT. The NFmin is inversely proportional to the trans-
conductance. In PDB-HEMT, the graded buffer engineering caused a negative polarization field in the buffer, which limited the 
electrons to a shallower depth range and enhanced gate controllability. Because of this, the transconductance increases, leading to an 
improvement in the low noise figure compared to the conventional HEMT. The impact of gate voltage on the noise figure is exhibited in 
Fig. 11(d). It has been observed that at the MHz frequency range, NFmin is constant; at the GHz region, NFmin linearly increases with 
frequency. The NFmin value decreases with an increase in the gate voltage from 1 V to 1.4 V; the afterward higher value of NFmin is 
observed for Vgs = 2V. This variation in NFmin is basically due to the transconductance variation with gate voltage, as exhibited in 
Fig. 4. The NFmin is the inverse of the transconductance. It is observed from Fig. 4 that transconductance increases with an increment in 
gate voltage from 1 V to 1.4 V, and a higher peak of transconductance is observed at Vgs = 1.4V afterward downward swing is observed. 

Fig. 12 depicts the HEMT as a two-port device, with V1 representing noise generated at the gate and V2 representing noise received 
at the output [41]. A little statistical analysis is required for this study since noise is a random event. These two ports are examined in 
terms of autocorrelation and cross-correlation of their voltages. Fig. 13(a and b) shows the cross-correlation (V1. V2) and autocor-
relation between the input (V1. V1) and output voltages (V2. V2) for both structures. In contrast to the GaN-HEMT, the PDB-HEMT has 
a stronger auto/cross-correlation. The polarization-doped buffer in PDB-HEMT significantly bends the conduction band of the buffer 
layer upwardly convex. This enhances the carrier confinement in the channel and prevents the channel electrons from interacting with 
the traps in the buffer layer to reduce the trapping effects, which attribute to the enhancement of electron mobility and reduces the 
scattering. Therefore, the scattering mechanism in PDB-HEMT is inefficient in disrupting the correlation among the gate and drain 

Fig. 10. (a) optimum source resistance and reactance for PDB-HEMT and GaN-HEMT (b) optimum noise resistance (c) reactance for different Vgs.  

Fig. 11. Noise conductance (a) PDB-HEMT and GaN-HEMT (b) variable gate voltage; NFmin (c) PDB-HEMT and GaN-HEMT (d) variable 
gate voltage. 
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current, significantly enhancing the auto/cross-correlation between them. 
The real and imaginary part of the cross-correlation of PDB-HEMT for Vgs = 1V, 1.2V, 1.4V, and 2V is exhibited in Fig. 14(a and b). 

The real part of cross correlation remains constant in the frequency range 1 GHz–100 GHz after that linear reduction is observed in the 
THz frequency region shown in Fig. 14(b). Furthermore, the cross-correlation function decreases with increasing gate voltage. Fig. 14 
(c) depicts the fluctuation of the auto-correlation function concerning the variation of the gate voltage (Vgs). The autocorrelation 
function falls linearly with lower order frequency (MHz) and stays constant with higher order frequency (GHz). The autocorrelation 
function reduces as the gate voltage (Vgs) of the PDB-HEMT increases. Hence, this work’s results show that using the polarized doped 
buffer in T-gate InAlN/GaN HEMT devices may achieve extremely low noise levels via improved structural design. 

5. Conclusion 

This study presents a comprehensive investigation of the small-signal behavior and noise analysis of PDB-HEMT operating in the 
GHz frequency range. The simulated results suggest that the introduction of the polarization-doped engineering scheme into the buffer 
region results in a reduction in the reflection coefficient and an increment in the transmission coefficient in comparison with tradi-
tional GaN buffer HEMT. Even at high frequency, the PDB-HEMT device has a minimum noise figure of NFmin = 1.62 dB, lower noise 
conductance, and stronger auto/cross-correlation. These outstanding results show that PDB-HEMT is suitable for creating microwave 
amplifiers and oscillators. These findings make it abundantly evident that the T-gate PDB HEMT structure is an excellent candidate for 
high-performance RF applications and LNAs. 
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